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ABSTRACT 


Viscosities of dilute solutions of six fractions of ethyl cellulose, molecular weight 
range 40,000-140,000, in six solvents have been determined at different temperatures 
between 25° and 60°C. Log 7 is very approximately a linear function of the reciprocal 
of the absolute temperature 7’. Values of Q and A in the expressiony = Ae®/®T are 
obtained. The apparent activation energy of viscous flow, Q, is linearly related to 
concentration c and molecular weight M by 


Q=Q+ K-Mc 
and 
A = AyeKam"e 


where Q) and A» are values for the pure solvents and K., Ka, and a are constants for a 
particular ethyl cellulose-solvent system. The values of K, and a may vary slightly 
with M. An expression is derived giving the intrinsic viscosity in terms of K,., Ka, a, 
M, and T. 


INTRODUCTION 


The effects of temperature changes on the viscosities of dilute solutions 
of cellulose derivatives have not been very extensively studied. Large 
negative temperature coefficients have been noted (1-3). Mandelkern and 
Flory (1) have considered the temperature dependence of intrinsic viscosi- 
ties of cellulose tributyrate and tricaprylate and, Flory and co-workers (4) 
that of intrinsic viscosities of cellulose acetates and cellulose trinitrate in 
terms of current hydrodynamic and thermodynamic theories of polymer 
solutions which relate viscosity and chain configuration (5). The large 
negative temperature coefficients observed were ascribed to increases in 
chain flexibility. Other approaches to the problem have been made. Manley 
(6) interpreted changes in intrinsic viscosities of ethyl hydroxyethyl cel- 


1 Now at Department of Chemistry, Yale University, New Haven, Connecticut. 
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lulose fractions with temperature in terms of varying degree of hydration. 
Howlett e¢ al. (7) reported a linear relationship between the logarithm of 
the relative viscosity and reciprocal of absolute temperature for dilute 
solutions of secondary cellulose acetate. Ferry and co-workers (8, 9) have 
discussed the effects of temperature changes on the viscosities of concen- 
trated solutions of cellulose trinitrate and tributyrate. The apparent ac- 
tivation energy of viscous flow was found to be related to both concentra- 
tion and molecular weight of polymer. This latter approach has been used 
in the present paper, in which we report viscosity measurements on dilute 
solutions of ethyl cellulose fractions in a number of representative solvents 
at temperatures from 25° to 60°C. The temperature dependence of intrinsic 
viscosities and related parameters will be discussed in terms of current 
hydrodynamic and thermodynamic theories in a further paper. 


EXPERIMENTAL MrtTHODS 


Six ethyl cellulose fractions were obtained from samples kindly provided 
by the Hercules Powder Company. Characteristics of the fractions are 
given in Table I. Methods of fractionation and of characterisation have 
been described previously (10). Ethyl methyl ketone, ethyl acetate, butyl 
acetate, benzene, chloroform, and nitroethane were used as solvents. Their 
purification and reasons for their choice have also been given previously 
(10). Fractions Al and A2 were not completely soluble in nitroethane. 

Viscosities of the pure solvents and of solutions in the concentration 
range 0.1-0.4 g./dl. at 25°C. were determined using capillary viscometers 
of such dimensions that rate of shear effects were negligible. Kinetic energy 
corrections were made where applicable. Viscosities were determined over 
the temperature range 25°-60°C., in steps of 7°, except in the case of chloro- 
form, where the highest temperature was 53°. Thermostats, at each temper- 
ature, were controlled to +0.05°. Viscometers were fitted with small glass 
bulbs containing glass wool soaked with solvent to prevent evaporation 
at the higher temperatures. All solutions, after preparation with the aid 


TABLE I 


Characteristics of Fractions 


SSS 


Fraction Ethoxyl content (%) Number-average molecular weight 
Al 48.3 140,000 
A2 48.4 119,000 
Bl 48.7 87,000 
A3 48.8 64,000 
B2 48.4 57, 000 
B3 48.7 40,000 
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TABLE II 
Viscosities of Solutions of Fractions in Ethyl Methyl Ketone and Values of Q and A 
ER OB aS SA MPM nS 7 Ra Mea 


Frace Gane: 7 in millipoises at 


tion (g./dl.) Q (keal.) A X 108 
I? S2e 39° 46° 53a 60° 
0.1 5.44 5.00 4.60 4.23 3.92 3.63 2229 9.20 
Al 0.2 obs aint 6.33 Na 4 5.19 4.71 2.84 6.46 
0.3 10.88 9.67 8.51 7.67 6.80 6,12 3.28 4.31 
0.1 5.18 Ate 4.41 4.07 Bn te 3.49 MePal 12.4 
AQ OF2 7.08 6.46 5.87 Daca 4.90 4.46 2.64 8.28 
0.3 9.58 8.61 (ovis 6.95 6.30 OnLE 2.97 6.40 
0.4 13.00 11.60 10.21 9.08 8.14 7.26 3.41 AL 
0.1 4.87 4.50 4.16 3.85 3.59 oeoo 2.15 13.0 
B1 0.2 6.29 5. 76 5.38 4.80 4.44 4.10 242 10.6 
ORS 8.23 7.20 6.60 5.98 5.46 4.99 2.80 Cheeks 
0.4 10.40 9.32 8.19 7.48 6.75 6.07 3.05 6.05 
0.1 4.62 4.26 3.96 3.68 3.44 3.20 2.07 14.0 
A3 0.2 5.64 5.29 4.77 4.41 4.09 3.80 Pio 13 
0.3 6.90 (Gogall 5.74 5.26 4.83 4.45 202 9.86 
0.4 8.45 7.66 6.93 6.25 5.74 on 22 2.76 8.05 
0.1 4.50 4.17 3 87 3.60 Samy 3.14 2.01 15a 
B2 0.2 5.41 4.97 4.58 4.23 3.92 3.63 Poli 13.8 
0.3 6.47 5.92 5.40 4.96 APO 4,20 2.44 LORDS 
0.4 7.79 7.06 6.40 5.84 5.34 4.87 2.65 8.91 
0.1 4.27 3.97 3.69 3.44 a4 3.00 1.98 Sy 
B3 0.2 4.85 4.49 4.15 3.85 3.59 Binet) 2.15 13.9 
0.3 59/5) am OA 4.69 4.32 4.01 an f4 2e21 118},d 
0.4 Gui eo 5.30 4.85 4.49 AP eli 74x39) 11.9 


of mechanical shaking, were stored in the dark for two weeks at room 
temperature and rapidly filtered immediately prior to use. 


RESULTS 


Viscosities (n) of solutions of the fractions in ethyl methyl ketone and 
butyl acetate for different concentrations at 25°C. are given in Tables II 
and IIT. These may be regarded as typical of the results obtained with the 
other solvents. Typical examples of temperature dependence are shown in 
Fig. 1, where log 7 is plotted against the reciprocal of the absolute temper- 
ature 7’. In most cases the lines are straight within experimental error but 
some slight curvature seems possible at the highest concentrations and 
molecular weights. Similar behavior was observed in all cases studied. 
Values of 7 at temperatures above 25°C. were corrected to standard con- 


TABLE III 
Viscosities of Solutions of Fractions in Butyl Acetate and Values of Q and A 


Popes 7 in millipoises at Q ; 
Fraction (g./dl.) cal) A X 10° 
25° 32% 39° 46° Ee 60° 
0.1 10.25 9,20 8.34 7.48 6.79 6.20 2.87 8.09 
0.2 15.05 ~18.39 11.72 10.38 9.28 8.33 3.37 5.12 
ut 0.3 21.56 18.83 16.25 14.20 12.47 11.06 3.82 3.55 
0.4 3149 2i.17 322,805" 19s Om lon lp 00: 4.17 ISIS) 
0.1 9.66 8.73 7.88 7.18 6.51 5.96 Zoe Aiel 
AQ 0.2 13.42 11.98 10.65 9.50 8.53 7.73 3.15 8.67 
0.3 18.32 16.12 14.08 12.41 11.09 9.94 3.45 6.76 
0.4 25.04 21.75 18,60 16.44 14:35 12.70 3.81 4.02 
0.1 9.08 8.20 7.45 6.77 6.21 5.67 2.64 . 10.5 
BI 0.2 11.99 10.74 9.60 8.64 7.80 7.03 2.98 7.85 
0.3 15.63 13.84 12.30 10.93 9.82 8.85 3.21 6.76 
0.4 20.49 17.93 15.62 13.83 12:20 10.88 3.62 == 
0.1 8.44 7.67 6.97 6.36 5.83 5.37 2.55) 11,4 
AB 0.2 10.36 9.33 8.41 7.63 6.95 6.36 2.75 9.98 
0.3 12.62 11.24 10.09 9.09 8.25 7.50 2.94 8.81 
0.4 15.35 13.60 12.09 10.90 oS Pare 8.79 3.13 7.78 
0.1 8.26 7.49 6.82 6.24 5.71 5.27 2.54 11.3 
B2 0.3 11.88 10.62 9.54 8.63 7.83 7.16 2.86 9.48 
0.4 14,35) 12580) 137 © 10227 9.26 8.39 3.05 8.34 
0.1 7.83 7.12 6.48 5.95 5.47 5.06 2.44 
B3 0.2 8.93 8.09 7.8L 6.70 6.13 5.63 2800 ea 
0.3 10.20 9.20 8.30 7.53 6.87 6.30 2.43 10.2 
0.4 11.65 10.43 9.38 8.49 7.70 7.06 2.82 9.93 


| 3 
X10 


Figq. 1. Logarithm of viscosity plotted against reciprocal absolute temperature. 
Figures at right denote concentration in grams per deciliter. 
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centrations, 0.4, 0.3, 0.2, and 0.1 g./dl., by graphical interpolation from 
plots of n against concentration. 


Discussion 


Assuming a linear relationship between log » and 1/7’ we may write 
n = Ae”? [1] 


where Q is the apparent activation energy of viscous flow. The significance 
of A is less clear. In Eyring’s theory of rate processes (11) it is a term in- 
volving the entropy of activation. Values of Q and A, for the mean temper- 
ature 42.5°C., were obtained from log 7 vs. 1/T plots by the method of 
least squares. Those for the solutions involving ethyl methyl ketone and 
butyl acetate are included in Tables II and III, respectively, those for other 
solutions being collected in Table IV. For a given solvent, Q depends on 


TABLE IV 
Values of Q and A 


Ethyl acetate Benzene Chloroform Nitroethane 


3 Co 
Fraction GD be eee ee 
Q (keal.) AX108 OQ (keal.) A X10 Q (keal.) AX105 Q (keal.) AX 105 


0.1 2.44 10.3 2.79 8.22 PPh AND) 7h 
0.2 2.96 6.27 3.20 6.17 2.68 13.5 
at 0.3 3.36 4.54 3.59 4.70 2.96 12.1 
0.4 3.74 3.4 4.03 3.27 3.25 10.6 
0.1 Pex) AML! 2.75 8.46 Px) MUD) 
0.2 2.74 8.09 3.18 6.01 2.57 15.0 
ae 0.3 3.05 6.52 3.56 4.56 2.89 12.6 
0.4 3.38 5.08 3.96 3.40 Belly ue! 
0.1 7A RY MLZ 2.69 8.71 2.12 20.3 2.30 16.8 
0.2 2.55 9.86 3.02 6.79 2.38 17.5 2.71 10.8 
BI 0.3 2.96 7.49 3.35 5.27 2.65 14.6 2.96 8.89 
0.4 3.08 6.76 3.66 4.19 3.29 6.50 
0.1 2.66 8.55 2.13 18.5 2S Oe? 
0.2 2.89 7.40 2.29 17.4 2.35 17.0 
ae 0.3 3.12 6.34 2.48 15.6 2.54 14.5 
0.4 3.43 4.79 2.63 14.8 Paths) WO) 
0.1 7 ay a 2.59 9.29 Pry WES!) 
0.2 2.41 10.6 2.76 8.63 2.38 16.0 
Be 0.3 2.54 10.1 3.05 6.64 2.49 15.5 
0.4 74, 9.1 3.31 5.37 ZEROS Load 
0.1 2.13 13.3 99 Se Zio 2.14 19.6 
0.2 2 2E oie: DelZe 1929 2.22 19.2 
se 0.3 2.388 11.5 22th Paes fa) 
0.4 2.58 9.44 2.34 17.5 2.44 16.8 
pe a ig te eee 
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Al 


ethyl methyl ketone 


Q (Kcal.) 


butyl acetate 


0.1 0.2 0.3 0.4 


C.(g./dl.) 
Fig. 2, Apparent activation energy of viscous flow plotted against concentration. 


ethyl methyl ketone 


buty! acetate 


4 8 l2 
MxlO 4 


Fig. 3. The constant k. as a function of molecular weight of polymer. 
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TABLE V 


Values of K., Ka and a 
ae ee ee el Oe 


Solvent Ke X 102 Ke a 
Ethyl methyl ketone E20 2.42 X 10-8 123 
Ethyl acetate 3.07 1.62 X 1078 1.2] 
Butyl acetate 3.16 0.97 X 1057 1.48 
Benzene Seo2 6.52 X 10-° 0.93 
Chloroform 2892) 1.50 X 1075 1.00 
Nitroethane 3.20 2.48 X 107” 2.04 


the concentration c and molecular weight M of the polymer. Figure 2, 
showing plots of Q against c for the fractions in ethyl methyl ketone and 
butyl acetate, suggests that Q is a linear function of c. Similar plots were 
obtained with the other solvents. The intercepts, Qo, representing the 
activation energies of viscous flow for the pure solvents, were in good 
agreement with published values (12). We may write, 


Q 7 Qo =F ke; [2] 


where the constant k, depends on the solvent and on M. As shown by typical 
examples in Fig. 3, plots of k, against M are linear and pass through the 
origin, so that 


k. = K.M, [3] 


where K, is a constant for a particular ethyl] cellulose-solvent system. Values 
of K,, obtained from such plots by the method of least squares, are given 
in Table V. Substituting in Eq. [2], 


Q ais Qo aa K.Me. [4] 


Analysis of Manley’s results (6) suggests a similar relationship. The results 
of Landel et al. (9) for low concentrations of cellulose tributyrate in 1 ,2,3- 
trichloropropane also seem to be in general agreement with Eq. [4]. 

The term K,.Mc represents the contribution of the polymer to the ap- 
parent activation energy of viscous flow of a solution. Here K, may be 
regarded as the contribution per unit polymer molecular weight and con- 
centration. The values of K, do not vary much with solvent. Flory and 
co-workers (4) found the temperature coefficients of the logarithms of 
intrinsic viscosities of cellulose derivatives to be similar for different de- 
rivatives and various solvents. 

The A term in Eq. [1] decreases with increasing concentration and 
molecular weight of polymer but not linearly. For a given molecular weight 
and solvent a plot of —log A against concentration does, however, appear 
to be linear and the values of A» , obtained by extrapolation of such plots, 
are in good agreement with those obtained for the pure solvents and with 
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ethyl methyl ketone 


butyl acetate 


0.1 0.2 0.3 0.4 
C(g./d1.) 


Fic. 4. Plot of —Log A as a function of concentration. 


published values (12). Some typical plots are shown in Fig. 4. The relation- 
ship between A and c may be expressed by 


—log A = —log Ao + kae, [5] 


where k, depends on the molecular weight of the polymer and on the solvent. 
The variation of k, with M, for a given solvent, may be written 


ka = K,M*, [6] 


where the values of K, and a depend on the solvent and, possibly, to a lesser 
extent on /. Typical least-squares plots of log ka against log M are shown 
in Fig. 5. A linear relationship has been assumed and may hold within 
experimental error, but there is a possibility of some curvature at the 
higher molecular weights. The values of K, and a, obtained from such plots 
and included in Table V, may therefore vary somewhat with MW. Assuming 


Kq. [6] to hold over the molecular weight range considered and substituting 
in Kq. [5], 


—log A = —log Ay + K.M°c. [7] 


The interpretation of this equation is not very clear. According to Eyring 
(11), —log A should involve both a volume term and the entropy of ac- 
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ethyl methyl ketone 


butyl acetate 


4.6 4.8 5.0 
logM 


Fig. 5. Logarithm of k, plotted against logarithm of molecular weight. 


tivation of viscous flow. According to Barrer (12), —log A is a function of 
the size of the activated zone. 

Equations [4] and [7] are, of course, likely to hold only in the low con- 
centration range considered and for low molecular weights. More com- 
plicated dependence of Q on both ¢ and / is to be expected at higher con- 
centrations and molecular weights (8, 9). It is, however, possible to derive 
from Eqs. [1], [4], and [7] an expression relating intrinsic viscosity to the 
molecular weight of the polymer and the temperature. From Eq. [1], the 
specific viscosity, (7 — 7o)/no, may be written 


Ae®@!®? Sel! Ae 
Nsp = Aye? /®? o [8] 


Substituting from Eqs. [4] and [7] in [8] and simplifying gives 


‘sp = [eee x ag EN pea if [9] 


which, on expansion and neglect of terms beyond c’, yields 
Nep/¢ = K + 18K, [10] 


where 
K = K.M/RT — K.M°. 
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The intrinsic viscosity, [n], is given by 


[n] = mep/e} 
c—0 
hence 
[nl = K.M/RT — K.M". [11] 


The values of K, are considerably greater than those of K,. and the second 
term on the R.HS. of Eq. [11] will become increasingly important as M 
increases. At sufficiently low molecular weights, [y] should be effectively 
a linear function of M. Experimental evidence for such dependence of [y] 
on M has recently been given for cellulose acetate (13) and ethyl cellulose 
(10). Badgley and Mark (14) have suggested an empirical expression for 
cellulose acetate in acetone at 26.5°C. which is similar in form to Kq. [11]. 
Their equation is 


fn] = KM* — K’M™, 


where K, K’, and a are constants. In agreement with Eq. [11], the value of 
a is unity. 

Equation [11] and values of K,, Ka, and a may be used to calculate [7] 
for a given molecular weight, solvent, and temperature. Comparison of such 
values with those obtained by extrapolation of linear plots of log (n.p/c) 
against ¢ to zero c shows that the calculated values differ from the experi- 
mental by less than 5% for the four fractions of lowest M. With the two 
highest molecular weights the calculated values become increasingly greater 
as M increases, the difference being about 10% for the fraction of highest 
M. As previously indicated, it is possible that both K, and a may vary with 
M, a decreasing as M increases. Equation [11] requires [n] to be a linear 
function of 1/7’. The typical examples in Fig. 6 suggest that this is generally 
true. There is, however, some indication of slight curvature of the plots 
for the fraction of highest . 

Equation [10] implies that k’ in the Huggins 


nsp/C = [nl + k’[n}’c 


has the value of 0.5 in every case. Values of k’ are known to vary with 
solvent, and in the present work such values varied from 0.35 to 0.71 and 
tended to decrease with increasing temperature. The value of 0.5 arises 
from the expansion of the exponentials in Hq. [9]. The possible curvature 
of the log » vs. 1/7 plots at the highest concentrations and molecular 
weights suggests that an exponential relationship between 7 and 1/7’ may 
not hold strictly over the whole temperature range. Varying deviations 
from such a relationship with different solvents may account for the values 
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Al 


A2 


butyl acetate 


| 3. 
7 X10 


Fic. 6. Intrinsic viscosity plotted against reciprocal absolute temperature. 


of k’. The temperature dependence of k’ and other viscosity parameters 
will be discussed in the further paper. 

It must be emphasized that the relationships obtained may apply only 
to relatively stiff and polar polymers such as cellulose derivatives. The 
behavior of dilute solutions of flexible, less polar polymers may be quite 
different. The results of Bawn and Patel (15, 16) show that [y] for polyiso- 
butylene in cyclohexane and carbon tetrachloride varies little with temper- 
ature. More detailed analysis suggests that Q is independent of both M@ 
and c up to molecular weights of 10° and concentrations of 0.25 g./dl. 
Therefore K, is zero. Also K. is of opposite sign to the values obtained in 
the present work and hence [y] = KM“, the familiar Mark-Houwinck 


equation. 
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PARTICLE MOTIONS IN SHEARED SUSPENSIONS 


VIII. SINGLETS AND DOUBLETS OF FLUID SPHERES! 
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Pulp and Paper Research Institute of Canada and Department of Chemistry, 
McGill University, Montreal, Canada 
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List of Symbols 


6 = diameter and radius of spherical drop. 
B = breadth of ellipsoid. 
G = velocity gradient. 
k, = internal streamline parameter. 
L = length of ellipsoid. 
p = viscosity ratio = 7’/no. 
r- = ellipsoidal axis ratio. 
r = radius vector. 
YT, T- = periods of (external) rotation and of internal circulation, respectively. 
u,v, w = velocity components along X-, Y-, and Z-axes. 
y = interfacial tension. 
n', no = viscosity of disperse and continuous phases. 
¢ = polar coordinate, Y-axis as origin. 


INTRODUCTION 


Previous communications in this series have dealt with the rotations 
and interactions of rigid particles (1-5) suspended in a laminar shear 
field. The experiments were performed in a field of flow defined by u = 
Gy, v = 0, w = O, and observations were made both along the Y-axis 
(across the planes of shear) and the Z-axis (parallel to the planes of shear). 
In the present paper we describe a study of the shear-induced internal 
circulation, rotation, deformation and two-body interaction of liquid drop- 
lets. 

In addition some preliminary experiments on the coalescence of collid- 
ing fluid spheres are discussed. 


EXPERIMENTAL METHODS 


Observations and measurements were made in the two Couette double- 
cylinder devices which have been described previously (1, 5). The ve- 


1 Conducted with financial assistance from the Defence Research Board 


of Canada, DRB Grant 9510-05. 
2 Holder of a Studentship from the National Research Council of Canada. 
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locity gradient G could be calculated accurately from the speeds of rota- 
tion of the cylinders (1), and the measurements could be made by using 
photomicrography and tape recording as in the study of rigid particles 
Dye 

he before, household corn syrup having a viscosity of 70 poises and a 
density of 1.38 gm./c.c. at room temperature was used as suspending 
medium for most of the experiments. Droplets of either cyclohexanol 
phthalate (subsequently designated CHP) or CCl, were dispersed in corn 
syrup. The viscosities and densities at room temperature were 155 poises 
and 1.08 gm./c.c. for CHP, and 0.0094 poise and 1.59 gm./c.c. for CCl. 
Falling ball viscosity measurements indicated Newtonian behavior by 
both the corn syrup and the CHP. 

Attempts to produce coarse monodisperse emulsions of accurately 
known concentration in the viscous medium were unsuccessful. Instead, 
small numbers of drops of CCl, were injected from a finely drawn glass 
capillary tube placed beneath the surface of corn syrup in the annular 
gap of the apparatus. One of the cylinders, usually the outer one, was ro- 
tated to reduce the size of the drops by the viscous drag of the medium 
flowing past the capillary tube, which was adjusted so that its tip pointed 
along the streamlines. Droplets of about 50 to 200u diameter could thus 
be dispersed in localized concentrations. 

The highly viscous drops of CHP were injected beneath the corn syrup 
surface by means of a syringe, using a 0.5 mm. diameter hypodermic 
needle. The apparatus was at rest, but the end of the needle was moved 
concentrically with the cylinders in a roughly constant X Y-plane, while a 
slight pressure was maintained on the piston of the syringe. The threads of 
liquid which were produced by shifting the hypodermic needle in corn 


syrup, broke up into nearly equal-sized drops of about 100u in diameter — 


aligned in “string-of-pearl’’ formations. 

The rotations of single fluid particles and the pattern of internal circula- 
tion were followed by dispersing aluminum reference particles of 5u to 10u 
diameter in CHP and CCl, drops. 


SINGLE Liquip Drops 
Theoretical Considerations 


Starting with an equation derived in Taylor’s theory of viscosity of 
dilute emulsions (6), the pattern of fluid motion outside and inside a fluid 
drop in a laminar shear field was calculated in the preceding paper in this 
series (7) for low values of G when the drop remains spherical. The follow- 
ing relations were deduced from the theory: 

1. The streamlines inside the drop are described by the polar equation 


p cos 26 +(p + »] fe = 1] =k. [1] 
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Here (r, ¢) are the plane polar coordinates with the drop center as origin, 
¢ = 0 corresponds to the Y-axis (Hig. 1), b is the drop radius, p is the vis- 
cosity ratio of disperse to continuous phases, and ky is a constant which 
describes a particular streamline. It follows from Hq. [1] that for p > 4% 
the streamlines are roughly elliptical in shape, while for p < 14 two pockets 
of fluid circulation exist close to the center of the drop. 

2. The period of rotation around the equatorial perimeter at the surface 


re 


Fig. 1. Photomicrographs of the shear deformation of a cyclohexanol phthalate 
(CHP) drop in corn syrup as viewed along the Z-axis at increasing rates of shear. 
The deformations and orientations corresponding to the frames Nos. 1 to 6 are 
listed in Table II. Diameter of undistorted drop = 575 p. 
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of the sphere is 
4 -W/p(p + 2) 


When p —> ~, this reduces to 


TG — tbs [3] 
An 
which is identical with the value for a rigid sphere (1). 
3. The period of circulation 7’, close to the center of the drop is 


TG _ 2(p + 1) 
4r (2p + 5) 2p — 1) 


for p > 1%. It is readily shown that 7, > T, i.e., circulation inside the drop 
becomes slower towards the center. When p — ~, Kq. [4] reduces to Eq. 
3. 

| ie G increases, the drop is distorted by the nonuniform pressure field 
created by the disturbed flow in the neighborhood of the drop. At low 
values of G the particle is deformed into an ellipsoid of length L and breadth 
B with its major axis at an angle @¢ = 45° from the direction of the gradient. 
Taylor (8) derived and obtained a limited experimental confirmation of 
the following relationship for the eccentricity at small deformations 


L — B _ Gbno 19p + 16 
LB Fte@en 1)! 


[4] 


[5] 


where 7 is the viscosity of the suspending medium and y is the interfacial 
tension of the drop. Some experiments on deformation are described later. 


Spherical Drops 


Typical values of the period of rotation 7 for a large number of observa- 
tions of undeformed droplets of CHP and of CCl are presented in Table 
I. Measurements were made over a range of values of G and the locations 
of the reference particles were selected at random, i.e., on the surface of 
the drops, or inside the drops at various radial displacements from the 
centers. Although in some cases a drift was observed in their paths upon 
successive rotations, the reference particles appeared to move in circular 
orbits as the projection on the X Y-plane of the field of motion was viewed. 
The drop size in these experiments varied from 100u to 150u in diameter. 

The mean values of TG/4x do not differ very significantly from unity, 
the theoretical value for a rigid sphere (Eq. [3]), and are much less than 
calculated from either Eq. [2] or [4] for both drop systems (Table I). This 
indicates that there was little, if any, internal circulation in these experi- 
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TABLE I 


Periods of Rotation of Spherical Drops 
Suspending medium—corn syrup. 
ee ee AS ee ee ee eee ee 


Pe | EES ye Mean 2S ; oe oe 

Eq. [2] Eq. [4] 

1 CHP 0.08-1.89 39 1.028 2.2 1.05 eas 
(.006)? 
2 CHP 0.06-0.49 8 0.997 
(.008)! 
3 CHP 0,131.87 42 0.999 
(.006)? 

4 CO «= 0.071.904 58 1.020 13K IH Ok — 
(.004) 
Seren 009-156" “711,020 
(.004)? 


« N = number of periods of rotation measured. 
> Bracketed quantities are estimated standard deviations of associated mean 
values. 


ments. This was confirmed by observing that reference particles inside the 
sphere moved about the center in circular instead of elliptical paths and 
at the same angular velocity as the periphery. 


Deformed Drops 


Internal circulation was, however, observed in larger drops (>200u 
diameter) which became visibly deformed into prolate spheroids (Fig. 1) 
at gradients as low as 0.1 sec. *. Inside the drops the eccentricity of the 
paths of reference particles appeared to be higher than the outer contour 
of the deformed drops. Furthermore, particles inside the drop lagged be- 
hind those at the surface, i.e., the period of circulation was greater inside the 
drop. This effect became more marked when G was increased. 

The period of circulation of the outer surface was appreciably greater 
than that of a rigid sphere and appeared to increase with increase in G. 
This is illustrated in Fig. 2 for two drops of CHP. At sufficiently high values 
of G, TG/4x exceeded the value of 1.05 calculated from Eq. [2]. 

A number of experiments on deformation of both CHP and CCl, drops 
were made as a function of G. The effect is illustrated by the photomicro- 
graphs of a CHP drop in Fig. 1 which show the increase in eccentricity 
and in the angle of orientation ¢ with increasing G. Table IT summarizes 
the observations made on this drop. Figure 3 shows a plot of (L — B)/ 
(L + B) as a function of aG@ for three CCl, drops of various diameters. 
Over the range of shear rates employed, the deformation data for the three 
drops fall on a single straight line passing through the origin as predicted 
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hole No. | 
Ls if o 
Loole™ 
TG (les gf ee a | j | 1 
4r 
Lob No 2 
Lae tie 
1,00 [o) fe) 
fen i Dull Sito ie let oo . ne 5s - 
| 2 


G sec" 


Fig. 2. Increase of TG/4m with G for two visibly deformed drops of CHP of diam- 
eter 300 » approximately. Note that values of TG/4m exceed unity except when G — 
0. The high scatter of points was due to experimental difficulties. 


TABLE II 
Deformation of a CHP Drop by Fluid Shear 
Undeformed drop diameter = 575 un. 


G Ee aG ¢ ‘Frame no. in 
(sec.-1) ern (mm. sec.~1) (degrees) Iga 1 

0 0 0 = = 
0.0556 0 0.0319 45 1 
0.1281 0.0066 0.0736 45 2 
0.2191 0.0165 0.128 45 — 
0.3247 0.0263 0.186 46 — 
0.5141 0.0429 0.295 47 — 
0.6984 0.0693 0.400 49 = 
0.8286 0.0691 0.475 50 3 
1.017 0.0951 0.584 53 == 
1.394 0.123 0.800 55 4 
1.844 0.179 1.059 57 5 
2.719 0.264 17562 64 = 
3.931 0.375 2.255 68 6 


by Eq. [5]. A similar straight line was obtained for four drops of CHP of 
diameters 130 to 600u over a range of G’s from 0 to 4 sec. -. Unfortunately 
the interfacial tensions were not known so that the equation could not be 
tested completely. 

The orientation angle ¢ increased with @ starting from the predicted 
value of 45° at G = 0. Silberberg and Kuhn (9) on the basis of indirect 
measurements postulated that for systems of p~ 1 the upper limit of 
¢ = 60°. The values shown in Table II are seen to exceed this. 

As the shear rate was increased further the drops deviated markedly 
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Fig. 3. Deformation of drops of carbon tetrachloride at various rates of shear 
Cf. Eq. [5). 


Ye 


Fic. 4. Sketch of an unstable drop of CCl, deformed by shear. Fragments of 
liquid became detached from the parent drop at the pointed ends. 


from the ellipsoidal shape. In agreement with Taylor’s observations (8) 
on a system of comparable p, the CCl, drops assumed a sigmoidal shape as 
shown in Fig. 4 with thin streaks of liquid breaking off the pointed ends. 
As G was increased further, however, the drop reverted to its stable ellips- 
oidal shape. 

The CHP drops, however, showed a markedly different behavior. As 
G was increased the elongation increased until a point was reached at 
which a neck was suddenly formed at the center (as shown in Fig. 5) which 
separated to form two drops. Similar behavior was noted by Taylor for a 
system in which p = 0.9 (8). 
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SCALE (FRAMES 1,2,3,6) SCALE (FRAMES 4,5) 


Frc. 5. Photomicrographs of the breakup of a CHP drop by shear. Frame 1 is at 
G = 2.8 sec.-! and Frames 2 to 6 are in chronological order at G = 3.7 sec.-!. Note 
the formation of the neck which thins out until separation occurs (Frame 5) with 
the formation of three satellite drops midway between the two daughter drops. 
Frame 6 shows the three satellite drops. The broken circle on the left side of each 
frame is a reference mark on the microscope graticule. 


DouUBLETS 
Standard Doublets 


Since monodisperse suspensions of liquid drops in corn syrup could not 
be produced, care was taken to select two interacting particles of equal 
size in these experiments and to employ low gradients so as to avoid par- 
ticle deformation. The interaction mechanism was observed to be much 
the same as that of a rigid spherical particle (2, 5). The paths of approach 
and recession were curvilinear and mirror-images of one another, and 
during its life the doublet appeared to rotate as a rigid dumbbell. For 
clarity, these collisions are termed “‘standard” to distinguish them from the 
much less frequent “head-on” collisions discussed later. In aged suspen- 
sions, the two drops did not coalesce during a standard collision, but 
separated at the mirror-image of the initial position of contact about the 
plane x = 0, in exactly the same way as equal-sized rigid spheres (2, 5). 

The doublet rotation was followed by measuring the orientation @ of the 
line joining the particle centers as a function of time. Figure 6 shows a plot 
of tan @ against tan (2tG/5) for three different collision doublets of CHP. 
A similar plot was obtained for two doublets of CCl. Both systems show a 
shght deviation from the relation 


iG 
(re ae 1/r.) 6] 


tan @ = 7, tan 
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tan 2tG 
es 


Fia. 6. The rotational behavior of these different collision doublets of CHP. The 
straight line is calculated from 


tan @ = 2 tan ou 


and corresponds to Eq. [6] for re = 2. 


for the case where r, = 2. Equation [6] is the theoretical relation for a pro- 
late spheroid of axis ratio r, (10). It was previously shown (5) that stand- 
ard collision doublets of rigid spheres conform very closely to Eq. [6] for 
fo = 2: 

The relationship for the fluid particles is nonlinear and, in each of the two 
liquid-drop systems, follows a steeper line than that corresponding to r, = 
2. While the drops appeared to remain spherical, it is estimated from Eq. 
[5], using the data of Table II, that in these experiments L/B = 1.01. 
It was therefore concluded that this small deformation was responsible 
for the slight deviation in doublet behavior from r, = 2. 

In these experiments, the Ay between two colliding drop centers was 
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Y 


Fic. 7. Collision of two drops deformed by shear. Note the permanent increase 
in Ay after separation (schematic). 


restored, after separation, to the value prevailing before collision. When 
highly deformed drops interacted, however, it was found that Ay was greater 
after separation. This is illustrated schematically in Fig. 7. 


Head-On Doublets 


The behavior of head-on collision doublets of drops of both CHP and 
CCl, was the same as for rigid spheres (5). The relative velocity of the par- 
ticle centers along the X-axis was small and Ay remained small during the 
doublet rotations; Az changed appreciably and was nearly equal to one 
particle diameter at ¢ = 0. Whereas the two spheres continued to rotate 
indefinitely without separating in the case of rigid spheres, head-on colli- 
sion doublets of fluid spheres coalesced into single droplets after a number of 
doublet rotations; this number varied between wide limits depending upon 
the geometry of the collision doublets and, as will be seen later, the age of 
the corn syrup suspension. 

ligure 8 shows the variation of ¢ with time for a complete rotation of a 
CCl, head-on collision doublet, which in this instance corresponded to 
fin = Baolos 

It was noted in the course of these experiments that the 7G of a doublet 
appeared to decrease with progressive rotation. This is illustrated in Table 
III for a collision doublet (No. 1) in which the two CHP spheres appeared 
to the eye to be in continuous contact until coalescence occurred. It is in- 
teresting to note that during the last rotation, before coalescence, TG/ 
2x = 3.7, which was very close to the value found for a similar doublet 
of rigid spheres (5) and for a touching doublet of air bubbles (3). Further 
evidence of the decrease of TG is given in Table III for a doublet (No. 2) 
of CHP drops the centers of which were initially separated along the X- 
axis (when ¢ = +7/2) by about two particle diameters. As the doublet 
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Fie. 8. Rotation of a head-on collision doublet of CCl, drops. 
G = 0.537 sec; TG/2r = 4.12; Te = 3.86. 
The points are the experimental values, and the curve is that calculated from Eq. 
[6] using the measured value of 7. 


TABLE III 
Variation with Time of Period of Head-on Collision Doublets CHP in 
Corn Syrup 


Measured TG/2xr 


Rotation number prior to 


coalescence Doublet No. 1 Doublet No. 2 
(Initially ‘‘touching’’) (Initially separated) 

5 4.2 13.7 
AM 4.0 12.3 
4 3.9 10.8 
314 3.8 9.3 
3 3.8 eos 
216 58 6.6 
2 3.8 5.3 
1% Be 4.5 
1 Sad 4.0 

\% ay 4.0 


« Drops appeared visually to be touching until coalescence occurred. 


rotated the two spheres moved closer together until they appeared to be 
touching, and coalescence then occurred after three rotations. 

In some instances, however, the droplets of collision doublets moved 
completely apart. This may have been due to a sudden adventitious dis- 


turbance of the local field of motion. 
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On a number of occasions it was observed that, when the motion of a 
standard collision doublet was arrested near the mid-point, i.e. near ¢ = 0, 
and after an interval the motion was restored, it became a head-on doublet 
which eventually coalesced. The cause of this transformation is not known 
with certainty, but may have been due to rotation about a horizontal axis 
from sedimentation or convection. 


Coalescence of Doublets 


The shear-induced coalescence of droplets of CHP undergoing standard 
collisions was studied using particles dispersed in ‘‘string-of-pearl”’ forma- 
tions in corn syrup. At G < 0.1 sec. a considerable fraction of the collisions 
resulted in coalescence, when freshly prepared systems were used. At higher 
shear rates, the drops separated after collision in the same manner as 
rigid spheres. This suggested that sufficient time of contact was required 
to drain the intervening film of continuous medium to such a thickness 
that the interaction forces could cause coalescence. Further evidence for 
the need of contact time was provided by reversing the direction of the field 
of motion and thus re-forming a doublet whose individual spheres had 
previously separated, and then stopping the motion of the doublet. In 
every instance, the spheres of the doublet coalesced after a few seconds. 

Because of the high localized concentration of droplets in these experi- 
ments, the formation of triplets and quadruplets was also observed; in 
many cases these coalesced into multiplets of lower order. 

When the suspensions were aged, the tendency of doublets to coalesce 
decreased. Several hours after preparing the suspension, the drops of stand- 
ard collision doublets invariably separated no matter how low the gradient. 
When brought to rest for as long as an hour, the doublet did not coalesce. 


Since the corn syrup undoubtedly contained surface-active impurities 


which, when the suspensions were aged, would tend to accumulate at the 
interface, a pure liquid, glycerine, was used as the suspending medium. 
The fraction of collisions of CHP drops suspended in glycerine which re- 
sulted in coalescence was found to be independent of the age of the sus- 
pension. When the motion of a doublet was stopped, coalescence occurred 
after a few seconds in both freshly prepared and aged suspensions. 

With 0.2% of a surface-active agent, polyoxyethylene sorbitan mono- 
laurate dissolved in CHP before the drops were dispersed in glycerine, 
coalescence of the drops was completely inhibited even in freshly prepared 
suspensions. 

In aged suspensions of CCl, CHP, and air in corn syrup, the continuous 
rotation of head-on collision doublets appeared to be the only means of 
coalescence. However, it was clearly evident that the number of rotations 
before coalescence occurred increased with age. The effect was very marked 
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with CCl; here as many as 200 complete rotations of head-on collision 
doublets were described without coalescence in suspensions three days old. 


DIscussION 


Both the inhibition of internal circulation and of coalescence in corn syrup 
suspensions suggested the formation of a semi-rigid or viscoelastic film 
around the droplets by surface-active impurities. Thus the transmission of 
tangential stresses from the medium to the disperse phase was inhibited, 
in contrast with the boundary condition which was assumed by Taylor 
(6, 8). Oldroyd (11) has extended Taylor’s theory of emulsion viscosity to 
allow for the effect of viscoelastic interfacial films; this theory has been 
used to calculate the surface viscosity of the interfacial film in systems devi- 
ating from Taylor’s theory (12). 

The present results are in agreement with earlier observations on sedi- 

menting fluid spheres. Internal circulation was inhibited by trace amounts 
of surface-active impurities (13-15) up to high sedimentation velocities. 
Nawab and Mason (12) obtained indirect evidence of internal circulation 
by careful measurements of the viscosity of dilute monodisperse emulsions, 
but concluded that the addition of surfactants tended to inhibit circulation 
with a resultant increase of the emulsion viscosity. 

Since circulation inside deformed drops could be observed, it would ap- 
pear that, as the rate of shear in the corn syrup suspensions was increased, 
the film surrounding the drops became progressively less resistant to the 
viscous forces exerted by the medium, so that tangential stresses were 
transmitted inside the drops although they were probably diminished in 
intensity. 

It also appears from the experiments on coalescence that aging was 
required for the resistant film to develop in the corn syrup suspensions. 
Once the film became developed around the drops, only the continued ro- 
tation of head-on collision doublets could cause rupture of the film and 
coalescence. It should be noted that during the rotations of a head-on col- 
lision doublet the drops were kept together by stresses due to the non- 
uniform hydrodynamic pressure field, whereas in quiescent systems only 
long-range interaction forces of the London-Van der Waals type could act 
on the particles. The attraction between the drops due to such long-range 
molecular interaction forces in aged suspensions appeared to be insufh- 
cient to overcome the resistance of the film around the drops, so that two 
drops could remain indefinitely in apparent contact without coalescence. 

The inhibition of coalescence by adding a surfactant to suspensions of 
glycerine is further evidence of the formation of films around the drops. 
In pure glycerine suspensions, as well as in freshly prepared corn syrup 
suspensions, coalescence did not occur instantaneously. Invariably some 
time had to elapse before coalescence took place between droplets of a 
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head-on collision or in the absence of macroscopic fluid motion. Further- 
more, since the number of collisions resulting in coalescence decreased as 
the shear rate was increased, it was evident that sufficient contact time was 
required before coalescence even in systems which were unaffected by aging. 

The observations on coalescence described above are qualitative and 
preliminary in nature. Further experiments are planned. 


SUMMARY 


The spin of single liquid spheres of carbon tetrachloride and of cyclo- 
hexanol phthalate suspended in corn syrup was measured over a range of 
laminar shear rates and was found to be practically identical with the value 
for rigid spheres. No fluid circulation inside the drops was evident until 
the gradient was increased sufficiently to deform the drops. The variation 


of drop deformation with initial diameter and velocity gradient agreed — | 


with Taylor’s theory. 

The standard and head-on collision doublets of equal-sized liquid spheres 
behaved similarly to those of rigid spheres. The angular velocity of stand- 
ard doublets showed a slight deviation from the equation for rigid prolate 
spheroids of axis ratio 2, presumably because of slight deformation of each 
drop. Standard collisions resulted in coalescence only when sufficient con- 
tact time was allowed for film drainage and only in freshly prepared corn 
syrup suspensions. Head-on collisions almost always resulted in coales- 
cence, although the time required increased with age of the suspension. 
When glycerine was used as the medium, there was no aging effect. 

It is concluded that the inhibition of internal circulation and of coales- 
cence in the corn syrup suspensions was due to the formation of a viscoelas- 
tic interfacial film. 
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ABSTRACT 


A study of the effect of adsorbed substances of high molecular weight on the crystal 
growth of silver bromide containing a minor amount of silver iodide has shown that, 
in addition to two factors previously postulated by other workers as contributing to 
coalescence during crystal growth, namely, the presence of trace quantities of 
“srowth promoters’’ and the degradative destruction of the adsorbed protective 
colloid layer, another factor must also be considered, namely, the nature of the pro- 
tective colloid layer. Depending on the type of protective layer formed, there may 
be wide variations in the relative contributions of coalescence ripening and of Ostwald 
ripening to crystal growth. The nature of the adsorbed protective layer has a pro- 
found effect not only on the ease of crystal growth but also on the morphology of the 
crystals obtained. 


INTRODUCTION 


A mixture of crystals of moderately soluble salts will undergo changes in 
size distribution by dissolution of small and simultaneous growth of large 
particles, provided there is a difference in surface energy between the small 
and the large particles. This process is called ‘“‘Ostwald ripening.” 

In addition to the specific surface area, the surface energy difference is 
related also to the crystal imperfections of the small and large crystals, 
modified by the presence of protective colloid or other adsorbed species. 
The presence of crystal imperfections at the surface also may greatly modify 
the rate of solution and reprecipitation but measurement of these effects is 
difficult and has not yet been accomplished except in certain etching ex- 
periments (1), in which crystals were shown to be preferentially attacked 
at sites containing crystal imperfections. In the simple case of silver halides 
in water ‘at room temperature, the rate of Ostwald ripening is low because 
the amount of dissolved material available to produce supersaturation 
relative to large crystals is small. Crystal growth in these systems can be 
enhanced by elevated temperatures and by the presence of silver halide 
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solvents, such as potassium bromide or ammonium hydroxide, which lead 
to the formation of such complex ions as (AgBrs)= and Ag(NH<3)2*. 

It has long been a question of interest to determine what proportion of 
the crystal growth occurring in the presence of silver halide solvents and 
protective colloids, which is ordinarily referred to as “ripening” or ‘“‘physi- 
cal ripening,” is due to processes other than Ostwald ripening. Sheppard 
and Lambert (2) believed that these alternative growth processes involved 
coalescence, followed by crystal orientation and recrystallization. Ammann- 
Brass (3) approached the same question in two ways. He studied the kinet- 
ics of particle growth by turbidimetric measurements and also examined 
the silver halide crystals obtained after ripening by electron micrography. 
He concluded that two different processes could indeed be distinguished, 
according to the shape of the ripening curve and the size distribution of the 
crystals obtained. He found that Ostwald ripening was characterized by a 
linear rate of increase of particle size with time, by the growth of all silver 
halide crystals discernibly present, and by a progressive inhibition of crys- 
tal growth with increasing protective colloid concentration. Coalescence 
ripening, on the other hand, was characterized by S-shaped growth curves, 
by an increase in the ease of ripening with increasing concentrations of pro- 
tective colloid, and by the appearance of a limited number of large crystals 
as well as the clearly discernible survival of crystals of unchanged small 
size throughout the period of growth. 

Ammann-Brass (3) found that coalescence ripening was associated with 
photographically “active” gelatins, 1.e., gelatins containing trace quanti- 
ties of certain low molecular weight materials. He found that these growth- 
promoting materials could be removed by procedures customarily used to 
convert “active” gelatins to inert ones. The explanation for this type of 
growth promotion may, quite likely, be the same as that offered (4) for the 
action of certain substances such as thiosulfate and substituted thioureas 
(5) which are believed to act as ripening-accelerators for silver halides 
stabilized by polyvinyl alcohol by displacing a small part of the adsorbed 
protective colloid from the silver halide surface. 

The growth of silver bromide and of mixed silver bromide-silver iodide 
crystals in the presence of gelatin and of the silver halide solvent, am- 
monium hydroxide, has recently been studied by Malinowski (6, 7). After 
studying the change in crystal size with time and an examination of micro- 
photographs of the crystals as well as of certain changes in surface and in- 
ternal photographic sensitivity, Malinowski concluded that high concen- 
trations of ammonium hydroxide, low concentrations of silver iodide, and a 
potassium bromide excess of 10% to 20% led to S-shaped growth curves, 
Ostwald ripening occurring initially and finally, while “coalescence ripen- 
ing” took place during an intermediate time interval. The occurrence of 
coalescence ripening during the stated time interval confirmed pictorially 
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as in the work of Ammann-Brass by the existence of two distinct maxima 
in the size-distribution curve, was ascribed by Malinowski to a destruction 
of the protective gelatin layer around the silver halide crystals by the am- 
monium hydroxide. 

The studies of Sheppard and Lambert, of Ammann-Brass, and of Mal- 
inowski cited were all made in the presence of only one protective colloid, 
namely, gelatin. The present work represents an extension of these studies 
in a direction not heretofore covered, namely, an examination of the mecha- 
nism of growth during ripening in the presence of some protective colloids 
other than gelatin. The advantage of this approach is that growth-promot- 
ing substances which are known to occur in certain gelatins do not enter the 
picture, and it is also possible to determine the effect of changes in the 
nature of the protective colloid layer. 


Meruops AND MATERIALS 


The following materials were used: 

Silver nitrate, ammonium hydroxide; Hastman Kodak Company, C. P. 
Grade. 

Potassium bromide; Baker and Adams, Reagent Grade. 

Gelatin, a relatively inert lime-processed gelatin. 

Polyacrylamide ‘‘75,” a product made by American Cyanamid Company. 

Polyvinyl alcohol, Elvanol 70-05, made by E. I. du Pont de Nemours and 
Company, Inc. 

Polyvinylamine; the sample used was prepared by the Organic Chemis- 
try Department, of the Kodak Research Laboratories, according to the 
method of Reynolds and Kenyon (8). 

Substituted polyvinyl acetal, substituted nylon (based on a polymer made 
by E. I. du Pont de Nemours and Company, Inc.). 

Preparative details pertaining to these materials made by the Organic 
Chemistry Department, of the Kodak Research Laboratories, will be given 
elsewhere. 

Three types of silver halide suspensions were prepared: 

Type I suspensions were made by addition over a period of 95 seconds of 
a mixture of 7.1 ml. of 2 M silver nitrate, of ammonium hydroxide just suf- 
ficient to redissolve the silver oxide precipitated after initial addition of the 
ammonium hydroxide, and of 23 ml. of water to a mixture of 8.4 ml. of 2 
M “mixed halide” (98.5 mole % potassium bromide; 1.5 mole % potas- 
sium iodide) and 18.6 ml. of water containing 0.8 g. of the protective col- 
loid. The resultant suspension, which contained 2.66 g. of silver bromide 
and which was 0.052 M in potassium bromide and 0.57 M in ammonium 
hydroxide, was ripened at temperatures and during time intervals given 
below for each experiment. All suspensions were stirred continuously dur- 
ing mixing of the reagents as well as during ripening. 
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Type II suspensions differed from Type I in that the volume of the 
“mixed halide” solution was 7.3 ml. The resultant suspension was then 
0.008 M in potassium bromide. 

Type III suspensions were prepared by addition, over a period of 12 
minutes, of a mixture of 1 ml. of 2 M silver nitrate and 3 ml. of water to a 
mixture (previously heated to the ripening temperature) of 8.4 ml. of 2 
M “mixed halide” and 17.5 ml. of water containing 0.8 g. of the protective 
colloid. The resultant suspension was, therefore, 0.65 M with respect to 
potassium bromide before and 0.495 M after addition of the silver nitrate. 
Temperature and duration of ripening were again as indicated later in the 
paper. 

The samples for making transmission electron micrographs were prepared 
by suitable-dilution (by a factor of about 100) of the suspensions immedi- 
ately after completion of a given ripening period in order to obtain single- 
layer coatings of the silver halide crystals. The resulting very low concen- 
trations of silver halide solvents in these diluted solutions should minimize 
any changes of the crystals after coating. Visual observations under the 
optical microscope immediately after coating appear to indicate that no 
appreciable change of the silver halide crystals occurred during and after 
drying of the coatings used for electron micrography. The distance between 
the two parallel bars shown on each electron micrograph corresponds to 1 
micron. All electron micrographs were obtained by C. F. Oster, Jr., of the 
Analytical Chemistry Department of the Kodak Research Laboratories 
The experimental work was carried out in a darkroom under Kodak Wrat- 
ten Safelight, Series O. 


ReEsuuts AND Discussion 


Very clear evidence of the occurrence of coalescence ripening may be 
obtained by inspection of Fig. 1, where a substituted nylon served as the 
protective colloid. The coexistence of two size classes of crystals is evident 
as well as the fact that, following coalescence, there is an appreciable 
amount of recrystallization, with the result that the recrystallized particles 
have distinctly octahedral features. 

Inasmuch as the suspension contains no trace material known to act as 
a “physical-ripening accelerator” and as the polymer used is not attacked 
chemically by the ammonium hydroxide present, the type of ripening ob- 
served should most probably be ascribed to the nature of the “envelope”’ 
of polymer adsorbed to the silver halide surface. Coalescence between hy- 
drophobic colloidal particles ‘‘protected’”? by a hydrophilic protective col- 
loid is usually regarded as very improbable, because the adsorbed hydro- 
philic layer prevents the hydrophobic particles from approaching each other 
sufficiently for attractive Van der Waals-type forces to be effective (9). A 
“physical-ripening accelerator” apparently increases the probability of such 
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Fra. 1. Crystal species observed during 100 minutes’ ripening at 54°C. of a Type I 
suspension containing a substituted nylon. 


a close approach by creating small, nonprotected areas on the silver halide 
surface as the molecular bulk of the adsorbed accelerator is not sufficient 
to provide for ‘‘steric protection” (9). The processes illustrated in Fig. 1 
show that the structure of certain protective colloid layers may be such as 
to provide for a low but finite probability of coalescence, perhaps because 
steric factors or the relative paucity of adsorbable groups causes the silver 
halide surface to be covered somewhat less efficiently than in the case of 
other protective colloids. 

If ripening is carried out under the same conditions but with polyacryl- 
amide as the protective colloid, then the results (Fig. 2) are quite different. 
The crystals obtained are quite similar to those resulting from the use of 
gelatin under the same experimental conditions. Instead of two there is 
now only one size class of crystals, the grains are more rounded, and there 
is no evidence of intermediate stages of coalescence processes. 

The mechanism of crystal growth of silver halides in the presence of 
gelatin and of ammonia has never been fully explained, but it obviously 
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Fig. 2. Type I suspension containing polyacrylamide 
ripened for 50 minutes at 54°C. 


differs considerably from crystal growth effected through the solvent ac- 
tion of excess soluble bromide. The suspensions obtained in the latter case 
are well known (10) to consist of erystals which are well-defined octahedra 
(triangles, hexagons, ete.) and which may fall within a very wide range of 
size distribution. It has been suggested (11) that during crystal growth of 
ammonia-containing silver halide suspensions there is a lowering of the 
negative potential around the growing silver halide crystals by adsorption 
of the ionic species, Ag+(NHs)2, and that this factor promotes a more iso- 
tropic type of crystal growth (12). Ostwald ripening, modified by these 
effects rather than coalescence processes, may, therefore, be the dominat- 
ing factor in obtaining crystals such as those shown in Fig. 2. 

Polyvinyl alcohol is well known to have a strongly inhibiting effect on 
the growth of silver halide crystals. Thus, crystals stabilized by polyvinyl 
alcohol showed no appreciable growth at 77°C. in the presence of 0.57 M 
ammonium hydroxide, irrespective of whether the bromide concentration 
was 0.052 M or 0.008 M. Crystals stabilized by polyvinyl alcohol and rip- 
ened under these conditions attained a diameter of only 0.1 micron without 
any occurrence of coalescence ripening. However, the use of a highly sub- 
stituted polyvinyl acetal in which a very large part of the hydroxyl groups 
had been replaced by other groups results in a suspension which shows clear 
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Fie. 3. Type II suspension containing a substituted polyvinyl acetal ripened at 
77°C. for 185 minutes. 


signs of coalescence ripening (Fig. 3), i.e., two size classes of crystals, with 
the large crystals evidently in various stages of crystal perfection. Substi- 
tution of part of the hydroxyl groups of polyvinyl alcohol has apparently 
altered the nature of the adsorbed protective colloid envelope sufficiently 
to render this type of crystal growth possible. Although experiments made 
with this polymer at constant ammonium hydroxide and different bromide 
concentrations have shown that a low bromide concentration favors this 
type of growth, a similar, although somewhat less pronounced, growth of 
the same type occurred also at the bromide concentrations used for the 
crystals stabilized by polyacrylamide and shown in Fig. 2. Experiments 
in which crystals stabilized by gelatin or polyacrylamide were ripened by 
ammonium hydroxide at the lower bromide concentration (0.008 17) gave 
results which did not differ visibly from experiments in which the higher 
bromide concentration of 0.052 M had been used. 

The fact that the crystal growth of silver halides in the presence of a 
protective colloid and of a silver halide solvent becomes more pronounced 
as increasing amounts of the hydroxyl groups of polyvinyl alcohol are sub- 
stituted by polyvinyl acetal groups has been noted by Evva (13). In the 
light of the results reported here, it appears, therefore, that such substitu- 
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Fig. 4. Type HT suspension containing polyvinylamine 
ripened at 70°C. for 90 minutes. 


tion leads to coalescence ripening rather than to a significant increase in the 
ease of Ostwald ripening. 

If a substituted polyvinyl acetal containing a greater number of residual 
hydroxyl groups was used as the protective colloid, then the occurrence of 
coalescence ripening was again evident. However, recrystallization and 
crystal perfection then occurred to a lesser extent than in the presence of 
the more highly substituted polyvinyl acetal. 

The degree of crystal perfection usually observed with a given protective 
colloid was found to be related to the ease of crystal growth in the presence 
of the protective colloid, as determined by experimental methods described 
previously (14). However, the type of crystal obtained with protective col- 
loids such as polyvinylamine (Fig. 4) is a clear indication that habit-modi- 
tying effects should also be attributed to certain adsorbed polymers. In this 


they resemble some adsorbed low molecular weight substances such as 
certain dyes or urea. 
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INTRODUCTION 


Several approximation methods (1-5) have been developed, all based on 
the theory of linear viscoelastic behavior (6), to calculate the relaxation 
spectrum, H, and/or the retardation spectrum, L, from dynamic mechanical 
data. Common to all of these is the use of derivatives from experimental 
curves of viscoelastic functions such as the real and imaginary parts of the 
complex modulus. As an alternative, an approximate method is presented 
here for calculating H and L without differentiation, usimg two or more 
measured values equally spaced on the logarithmic frequency scale. 

Another important practical problem in the theory of linear viscoelastic 
behavior is the approximate calculation of one viscoelastic function from 
another. A useful approximation for obtaining the relaxation modulus from 
the storage modulus and H has been given by Catsiff and Tobolsky (7), 


modified from a relation due to Marvin (8); and an analogous expression for _ 


compliances has been given by Smith (9). An alternative and somewhat 
simpler method is developed here for obtaining transient from dynamic 
functions. 


APPROXIMATION FORMULAS FOR THE RELAXATION AND RETARDATION 
SPECTRA 
H and L from the Imaginary Parts of the Complex Rigidity and Compliance 


The imaginary parts of the complex rigidity (@”) and compliance (J” ) 
are related to H and L as follows: 


G’(w) = He: ine rere H dlnz, [1] 
y ss 1 
= ff asbdinr + 2. [2] 


Here “ is the relaxation time in Eq. [1] and the retardation time in Kg. 
[2], w is the angular frequency, and 7 is the steady-flow viscosity. The 
kernel function wr/(1 + w’7’), hereafter called the intensity function, gives 
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a curve symmetrical about its maximum at wr = 1 and tends to zero on 
both sides when plotted against log wr. When it is approximated by a 
Dirac delta function, the zeroth approximations (1) for H and L are 
obtained, respectively, from Eqs. [1] and [2]. In the second approximation 
method of Schwarzl and Staverman (3) a linear combination of G” and its 
second derivative with respect to log w was used to obtain a sharper in- 
tensity function. Recently Fujita (4) has shown that higher approximations 
to H can be obtained by linear combinations of higher derivatives of @”. 
However, it is hardly practical to determine precisely higher derivatives of 
experimental curves of G”. We shall show that a corresponding series of 
successive approximations to H can be derived using experimental @” 
values themselves. By combining Eq. [1] linearly, we may construct a 
relation such that 


o{(r+ sr — Loran +0°(9]} 


-cf tame aes)) an Hdinr 
e =e a‘ a + wr?) (1 + wr?) (a? + wr?) ‘ 


[3] 


where C and a are constants; the latter is assumed greater than unity with- 
out loss of generality. To simplify the discussion, the arbitrary constant, C, 
is chosen as the normalization constant for the kernel in Eq. [3], 


(2/m)[a/(a — 1)]. Then we denote the normalized intensity function, 
f”1, and the normalized combination function, F”; as follows: 
= 2+ a)0 + a)! rial il 
fi = T a? (a? + wr?) (1 + wr?) (a? + wr?) ) 


ll 


(6) 

P=? { Gu) — pao G (aw) + @” (2) — 2G" w |}. 5] 
Figure 1 shows the curves of f”; vs. log wr for several values of a; they are 
all symmetrical about their maxima located at wz = 1. It is seen from the 
figure that the shapes of f”; are sharper than that of the normalized intensity 
function in Eq. [1], (2/m)[w7/(. + wr )], and that the closer the value of a 
to unity, the sharper the curve of f”: becomes. In the limits a — 1 and 
a— ©, we have 


Pra= 1) =2[ or -S"@)), G 
PI,(a = ©) = = G"(e), 7 
2, Sar? 
Ose 40 98 2 8 
Fa Ne are 8} 
; ~ 2: WT 
‘i ia = ©) = ae Lee? [9] 
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Fie. 1. The normalized intensity functions, f”1, for different values of a. 


When f”; is approximated to a Dirac delta function, F'”; |.1;, gives the 
approximation formula for H. It is seen that fora = 1 and a = o, the 
present method gives the second approximation of Schwarzl (3) and the 
zeroth approximation (1), respectively. 

The same argument may be applied to the imaginary part of the complex 
compliance to obtain LZ because the expressions for both G” and J” are 
formally the same except for the steady-flow term in the latter. Thus the 
corresponding approximation to the retardation spectrum is 


r= 2{ 9 — g* [ras +4"(2) — 22000 J} 


It may be noted that the steady-flow term, 1/w7, included in the expression 
of J”, does not appear in the final equation for L”. 

It can be shown that the constants multiplied by @”’s in the linear 
combination of G”, such as 1 + 1/a’ and 1/a, are chosen in such a way that 
the asymptotes of the intensity functions corresponding, respectively, to 
(1 + 1/a’)G”(w) and (1/a)[G” (aw) + G”(w/a)| become coincident on both 
sides on the log wr axis. Combining this and the fact that f”; has two asymp- 


totes of slopes of -+-3 on the log-log plot, we can obtain second approxima- 
tions to H and L. 


[10] 


w=1/T 
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The normalized intensity function, f”2, and the normalized combination 
function, F’”», for the second approximation to H are, respectively, 


flea 2 it a) + @)°(1 + a)(1 + a’) 


rs a®(1 + a+ a?) 
55 [11] 
7. (a~* + 7?) (a? ow’) (1 + wr?) (a? + wr”) (at + wr?) ’ 
Wee a’ + 1 y 4 a ” mw (® 
OSE ame ie (w) aiayl? vas) + Fn (2) | 
Bea ae (a 1) » (o - 
-Howo- Beer rar wp” (2) + er) . 


4 


— 9G” () | ae a G (S) + q” (aa) 


(a — 1)*(@? + a+ 1)? 
— 20r(a) |} 


When f”2 is approximated to a Dirac delta function, F”s|..1,, gives the 
second approximation to H. The second approximation to L can be obtained 
by replacing G” by J” in Eq. [12] and substituting 1/7 for w. Fora = 1 
and a = , f”. and the second approximation to H, H”., reduce to 


Ne 2 8a er 
A ae x 3 (1 + w?)®? ee 
ra ee Ore ITY, 
PAG oe) oe apa gia [14] 
y 2 uv 10 dG” (w) s Bis =) 
H’ (a= 1) = pa lo (w) 9 dine 9 din @* | \o=1)7 a) 
2 an 
FLAG) 0" () [16] 
7 w=1/T 


Equation [15] is essentially the same as the fourth approximation to the 
relaxation spectrum derived recently by Fujita (4). Again Eqs. [14] and 
[16] show that fora = « this method gives the zeroth approximation to the 
relaxation spectrum. 

It is apparent that the third, fourth, and higher approximations to the 
relaxation spectrum and/or the retardation spectrum can be obtained 
successively by repeating the procedure described above. 
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H and L from the Real Parts of the Complex Rigidity 
and Compliance 
The real parts of the complex rigidity, G’, and the complex compliance, 
J’, are related to H and L as follows: 


00 Ds 
peer (17] 
Iw) = Jot f ae 5 Ldinr. [18] 


Here Gy and Jo are the equilibrium modulus and the instantaneous com- 
pliance, respectively. Using Eq. [17] we may combine linearly G’(aw) and 
G' (w/a) such that 


C | G"(a) = G (:)| a fi a’ ai io 
a oa Leo a2 (a? + ws?) (a? + wr?) [19] 
* Hid ner: 


where C and a are constants which have the same meaning as before. 
Also for J’ 


Cok ee 2 2 2 
—1 @T 
o| J “yay J=¢] ¢ 
| c (aw) ie a Gs + wr?) (a? a wr?) [20] 
-Ldinr. 
The intensity functions are the same for both Eqs. [19] and [20], and have 
symmetrical shapes about their maxima located at wr = 1 on the log wr 


axis. The normalized linear combinations of G’ and J’, and the normalized 
intensity function for these combinations, are defined, respectively, by 


(Rap 1 , ,[@ 
Fa = ane | (aw) — G ell [21] 
/ 1 (6) 
Fn= sh a[r(2)- se |, 22) 
Whos Oh == Ih WT [23] 


2a7 Ina (a + wr?) (a2 + w?7?) ” 
When f’; is approximated to a Dirac delta function as_ before, 
Bat | ar) nend Peijheaiie elt) sete the first approximations to 


Hf and L, respectively. In the limit a = 1, fi(a = 1), H/x\(a = 1), and 
L’'\(a = 1) are 


fila = 1) — et ) 
(arr? i 

! dG’ (w) 

Jal = = 
NG) Sire ae 25] 
i dJ’(w) 

L = een et 
i(a y d In W |w=1/r [26] 
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equivalent to the first approximation of Andrews (1) to H and L. On the 
other hand, when the value of a approaches infinity, the shape of f’; be- 
comes so broad on the log w7 axis that it is hardly practical to approximate 
it to a Dirac delta function. 

Using the same procedure as before, we can obtain the second approxima- 
tions to H and L, since f’; has asymptotes of slopes of +2 on the log-log 
plot. The normalized linear combinations of F%, and F’, in this case are 


Le ae a’ + 1 ! a , ’ @ 
Fea =——, Fal) — TE ee Fo(aw) + For(—) |, [27] 
a — (a? — 1)? a 


( 2 1)? 
eo. a’ +- i , a , / o>) 
Pie = et Pale) = aap Ralao) + Pa(2)]. 


The normalized intensity functions for F’¢: and Fj. are the same, and they 
are 


iw = (a° — 1) (a* oe Y(@ + 1) 


2a° Ina 


a 29) 
; WT 
(Cs +. wr”) (Ga + wr?) (a? + wr?) (a! + wr?) : 
If f’2 is approximated to a Dirac delta function, the approximation to H is 
obtained as follows: 


mene _ G(aw) — G'(e/a) _ a 
H —— Fee eae so 9 In a (a? a })2 
[30] 
| ora) _@ (3) 2s, | era) ae (:)] 
; 2ina alien 


The second approximation to L, L’:, is obtained by replacing G'(aw), 
G'(w/a), G'(a’w), and G’(w/a’) in Eq. [80] by J’(w/a), J’(aw), J'(w/a*), 
and J’(a’w), respectively. In the limit a = 1, J’: and H’, are expressed by 
the following formulas: 

; 12w‘7* 31] 

fiola =1)= Geer)” 

dG’ (w) yy 1 dG’) 
dln w A dln o |wnt/r 


H’ (a = 1) = [32] 
Equations [31] and [32] correspond to the normalized intensity function and 
the approximation formula of the third approximation of Schwarzl (3). 
When the value of a approaches infinity, similar to the last step, no ap- 
proximation can actually be derived therefrom. . 

By repeating those procedures, the higher approximations can be ob- 
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tained for the relaxation and the retardation spectra using only experi- 
mental values of dynamic mechanical functions. 


Evaluation of Accuracy 


In the methods above described, the intensity functions are all approx1- 
mated to Dirac delta functions. Hence it is obvious that the sharper the 
intensity function, the higher the accuracy of approximation becomes. 
Schwarzl and Staverman (3) discussed the accuracy of their approximation 
formulas in terms of the concept of resolving power. In the case where the 
value of a is close to unity, the normalized intensity functions, f’1, f”2, f1 
and f’z can be expanded in powers of « to give 


Y 2 80  f | AG ae ;] aS 
filernd.= ST ara = eee ona ene 


2 128w°r° 2 | 20w 7 24 ; 
” = S = ee 4 
as 2a “| caaeen aie ie 


; ey Qu Pee Aer” is 2 Ra 
ee ere ed re ee 


, = 12w‘7* it ~ 22 2007” - Tie 
fond = eat [gpa t]t pO 


where ¢« = a — 1. Since the factors multiplied by the braces in the above 
equations are the same as the intensity functions for the corresponding 
approximations of a = 1, it can be expected in this case that the present 
approximations are of almost the same accuracy as those of Schwarzl and 
Staverman (3). When the value of a is fairly large as compared with unity, 


the intensity function clearly broadens. To illustrate qualitatively the — 


dependence of its sharpness on a, the height of the maximum of the normal- 
ized intensity function is plotted in Fig. 2 for f”1, f”s, f/1, and f’2. When log 
a is larger than 0.4, these approximations become less useful. On the other 
hand, when log a is near zero, the errors involved in the experimental values 
of G” and G’ (or J” and J’) make the final results uncertain, as can be 
shown from Kags. [5], [12], [21], and [30]. Thus for actual use, it is suggested 
that log a should be in the range 0.2 ~ 0.4 for these approximations. 


APPROXIMATIONS TO RELAXATION MopuLus AND CREEP COMPLIANCE 
FROM Dynamic MEcHANICAL Data 


The difference between the relaxation modulus, G(é), and the real part of 


the complex rigidity, G’(w), can be expressed in terms of the relaxation 
spectrum, H, to give 


co) 22 
0%) ~ CO lum = [| 2 -  |nams 37 


PHENOMENOLOGICAL TREATMENT OF LINEAR VISCOELASTIC DATA 43 


1.00 


025 


0.00 
O O2 OL TOG. O:8 1.0 


log a 
Fig. 2. The heights of maxima of the normalized intensity functions f’1, f’s, f/1, 
f'2 as functions of a. 


Also the difference between the creep compliance, J(¢), and the real part of 
~ the complex compliance, J’(w), can be written 


ee) 2a2 
=J’(@) + J (t) | t1/e = ip Sask ile = eo nadine + sap [38] 
Peo ela C37 wn 
where L is the retardation spectrum. The intensity functions, denoted by 
Kp(wr), are the same in both Kas. [87] and [88]. The maximum value of 
Kp is 0.196 at wr = 2.24 and its area above the log w7 axis is equal to 
Euler’s constant, 0.5772. 
The intensity functions for the imaginary parts of the complex rigidity, 
G” (w), and the compliance, J” (w), are the same, giving 
OT 
(eee — K1(wr). 
K, has a maximum of 0.500 at wr = 1.00 and its area above the log wr axis 
is equal to 7/2. Figure 3, where Kp and K; are plotted against log wr, 
suggests that it is possible to obtain a curve which is close in shape to the 
curve of Kp by shifting K; properly along the vertical and the horizontal 
axes on the log-log plot. Thus 
Ky(wr) & aK (br), [39] 
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log Kp and log K, 


Fig. 3. Logarithmic plots of the intensity functions K p, K; against log wr. Full 
and dotted lines show, respectively, K; and K p. 


where a; and 0; are the constants which correspond, respectively, to the 
vertical and horizontal shifts. Since the ratio of the area under Kp to that 
of K, on the log w7 axis is 0.367, the latter value is suggested for a;. Also 
b; could have a value near 0.446 because the locations of the maximum for 
Kp and K; are wr = 2.24 and wr = 1.00, respectively. However, it is de- 
sirable that the values of a; and b; are identical because of the following two 
reasons: (1) Both curves in Fig. 3 almost coincide and have unit slopes in 
the region of large values of wr. If a; and 6; were identical, this coincidence 
could be kept also in the case of a:K7(bwr). (2) J(t) and J”(w) have the 
same steady-flow term, 1/wn (or t/n). If a; and b; were identical, the steady- 
flow term of J”(w) would be the same as that of aJ”(bwr). Considering 


those two reasons, Eq. [89] can be rewritten 
Kp(wr) & aK (ar), 
[40] 
0.367 < a < 0.446. 


Then the approximation formulas for relaxation modulus and creep 
compliance from dynamic mechanical functions can be expressed thus: 


G'(w) — G(é) |m1y S&S UG” (aw), [41] 
—J'(w) + S(t) |rmntyo S&S aid” (aw). [42] 


The accuracy of these approximations depends not only upon the value of 
a; but also upon the shape of H (or L), which cannot be assumed a priort. 
Therefore it is hardly possible to determine uniquely the value of a, which 
minimizes the error of those approximations. However, it would be worth 


= 
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Fig. 4. Logarithmic plots of the intensity functions K p, 0.40 K;(0.40 wr), and 


0.40 K;(0.40 wr) — 0.014 K;(10 wr) against log wr, represented by full, dotted, and 
dashed lines, respectively. 


while to calculate the value of a, which minimizes the absolute value of the 
difference between Kp(wr) and a,K;(awr). A value of 0.384 was obtained 
for a; from the minimization condition: 


= [K p(wr) — a, K (a7) |? d\n ; == (0) [43] 


For practical simplicity, 0.40 has been chosen as the value of a,. Plots of 
Kp(wr) and 0.40 K,(0.40 wr) are shown in Fig. 4. In the range of log wr 
from + « to —1, both curves appear fairly close together; however, in the 
range log wr < —1, their separation increases. To reduce the divergence, 
additional terms, —d2bow7/[1 + (byw7)"], —a2G” (bow), and —aJ” (byw) are 
introduced into the right-hand sides of Eqs. [40], [41], and [42], respectively. 
When b, was chosen arbitrarily as 10, the proper value for a, was found as 
0.014. In this case, a2 and b, are not identical, but it is easily seen that the 
contributions of these additional terms to the steady-flow term and also 
the divergence between Kp and 0.40 K;, (0.40 wr) for high values of log wr 


are both negligibly small. 
Thus the approximation formulas are finally obtained as follows: 


Kp(wr) = 0.40 K,(0.40 wr) — 0.014 K,(10w7), [44] 
G'(w) — G(t) |ta1/» & 0.40 G”(0.40w) — 0.14G6”(10w), [45] 
—J'(w) + S(t) |ratyw & 0.40 J” (0.40u) — 0.0147” (10). [46] 


The right-hand side of Eq. [44] is plotted in Fig. 4 also. 
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Fie. 5. Plots of Xi(m) and X2(m) as functions of m, represented by full 
and dashed lines, respectively. 


It may be worth while to show the results of these approximations in the 
case where H (or L) can be expressed by a simple power function of 7, 


H (or L) = Ar”. 


Here A and m are constants. The following quantities were calculated as 
functions of m for the purpose of illustration: 


0.40 G” (0.40) 
= X 4 | 
GG GO ileal Ee st | 
0.40 G”(0.40«) — 0.014 G"(100)} 
Tw) — GO ae Fe | 
Mathematically X1(m) and X»2(m) are the same as | 
{{ 0.0 J” (0.40) — | / [7 Sl i ‘} Ges | 
wn n t=1/w 
{[ o40 J” (0.40) — 0.014 J" (100) — eee) / 
wn 


| 7@ = 1%) - ‘| 


respectively. X;(m) and X2(m) are plotted against m in F Ig ied: 


’ 
t=1/0 
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SUMMARY 


Two new approximation methods for treatment of viscoelastic data are 
introduced. In the first, the relaxation (or retardation) spectrum is ob- 
tained from several values of the real (or imaginary) component of the 
complex modulus (or compliance) without differentiation. In the second, 
the relaxation (or creep) function is obtained by a very simple calculation 
from the real and imaginary parts of the complex modulus (or compliance) 
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Appendix 


Numerical calculations by the approximation formulas in this paper can 
be made with ease and speed if standard tables are combined with per- 
forated guide cards as illustrated in Fig. 6. For example, if log a is chosen as 
0.20, the analog of Eq. [30] for calculating L’. from J’ becomes 


L’, = 3.471[J’(w/1.585) — J’(1.585w)] 
— 1.193[ 7’ (w/1.585°) — J’(1.585'@)] | onty - 


Fic. 6. Perforated guide card for calculating L’, from tables of J’ at log w in- 
tervals of 0.2. Adding the numbers appearing in the black-bordered holes and sub- 
tracting those in the shaded-bordered holes gives L's, while log 7 = —log w. 
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If parallel columns are set up for log w, J’, 3.471 J’, and 1.193 J’, then the 
card shown in Fig. 6 can be used for filling in the columns for L’ and log 7 
as explained below the figure. To calculate H’, from @’, the same card and 
corresponding columns are used but the signs of the terms are reversed. 
Similar tables and cards are readily arranged for obtaining L”; from J” , 
HT”, from G”, J(t) from J’ and J”, or G(t) from G’ and G”. 
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INTRODUCTION 


The mechanical behavior of amorphous linear polymers in the rubbery 
region depends strongly on their molecular weights and molecular weight 
distributions. Fujita and Ninomiya (1-3) have recently investigated this 
problem and proposed a quantitative relation between the relaxation 
spectrum. and the molecular-weight distribution (2). Their theory was 
essentially based on the following two phenomenological assumptions. (1) 
The shape of the relaxation spectrum of a monodisperse sample in the 
rubbery region is box-shaped when plotted against the logarithm of the 
relaxation time. (2) The relaxation spectrum of a blend can simply be 
represented by the linear superposition (i.e., additivity) of the relaxation 
spectra of the component fractions by volume. Any interaction effect on 
the mechanical properties which may occur on mixing of molecules of dif- 
ferent sizes was neglected. In connection with the first assumption, it is 
worth while to note that Tobolsky and his collaborators (4) have recently 
shown that the relaxation spectrum in the rubbery region of an almost 
monodisperse polystyrene was very close to a box. The present paper is 
concerned with an experimental study of the interaction effects on the stress- 
relaxation behavior of polyvinyl acetate blends. 


MATERIALS AND METHODS 
Samples 


Six polyvinyl acetate fractions were chosen as the starting materials for 
this study; they were taken from a series of fractions which had been 
prepared and used in the previous work (1). Their designations and molecu- 
lar weights are given in Table I. The values of the number- and weight-aver- 
age molecular weights, M,, and M,,, in the table were estimated from the 
viscosity-average molecular weights of the subfractions of each fraction, 


49 


50 NINOMIYA 


TABLE I 
Molecular Weights and Composition of Fractions and Blends 

Fractions Mn Mw Mw/Mp, 

VI Lad: <i 8.5 X 10+ iE 

Vil TeZ lO: 79a 10s tl 

Ix 126) <eel02 1:95 x 10° is 

x 20 LOe BO XK OE oil 

XI 4.0 X 105 Aiea 10° hd 

XIil (2) X10 eon xe Oe eal 

Blends Mn Mw Mw/Mn Composition (weight) 

A 3.9) X 10° Oat s< e 1.6 IX (0.25) + XIII (0.75) 
C 1.4 X 10° 4.2 X_ 105 3.0 VI (0.50) + XIII (0.50) 
D ibe. SK LO? eh $< KOS 1.4 VI (0.50) + IX (0.50) 
F 123s 102 Proll Y< AKYE 1.6 VII (0.40) + X (0.60) 
G LO SOE 1.7 X 10° ihe 0 VII (0.60) + X (0.40) 
H Bo) S< Oe 3.6 < 105 1.1 X (0.50) + XI.. (0.50) 


assuming that each subfraction was monodisperse. This assumption is 
rather optimistic so that the values of the ratio /,,/M, indicated are only 
measures of the relative polydispersity of the samples. The detailed de- 
scription of the preparation of the samples and the estimation of their 
molecular weights can be found in reference (1). Each blend was a mixture 
of two fractions; the calculated amounts of the two fractions were dissolved 
together in acetone, and then films of the blends were prepared in the same 
way as in the previous work (1). Taking different combinations and compo- 
sitions of the six fractions, six blends were produced. Their 7, and M,, 
values were estimated from those of the component fractions using well- 
known formulas and are listed in Table I. 


Methods 


The relaxometer used was essentially the same as that used before (1, 2); 
several minor improvements were made to increase the sensitivity and 
stability of the apparatus so that more precise measurements could be 
carried out. The details of the relaxometer have been described elsewhere 
(oye 

Six fractions and six blends were studied over a temperature range 
45°-160°C. Each relaxation run was made over a time interval of 1-100 
min. For the measurements at temperatures above 90°C., the relaxometer 
chamber was filled with commercial nitrogen to keep the sample films from 
thermal degradation. The amounts of strain in tension applied ranged from 
5% to 30%. Assuming the kinetic theory of rubberlike elasticity, all 
measured stresses at various temperatures and at various strains were con- 


STRESS-RELAXATION BEHAVIOR OF POLYVINYL ACETATE 51 


verted to the relaxation moduli referred to infinitesimal strain and a 
temperature of 75.0°C. For each sample the converted relaxation moduli 
measured at various temperatures were shifted horizontally on a log-log 
graph towards the curve measured at 75°C. to form a composite curve. 
Slight vertical adjustments were sometimes needed to obtain the best 
superposition of the consecutive curves. However, they were of random 
nature, and may be attributed to the uncertainty in estimating the un- 
stretched lengths of the sample films. 


RESULTS AND Discussion 


The horizontal shift factors, a7, were independent of molecular weight. 
The curves of log a7 vs. absolute temperature, 7’, fitted the WLF equation 
(6) with c; = 8.86 and c = 101.6 over the entire range of temperature 
examined. 

The composite curves for the six fractions, shown in Fig. 1, checked well 
with those obtained previously (1), except for slight differences in the region 
of rubber-lquid transition. Generally such differences appeared in the region 
of the relaxation modulus below 10° dynes/cm’. In the present study, these 
regions were more carefully measured than before so that the differences 
found may be due to less reliability of the earlier relaxometer. 

Neglecting any interaction effect on the stress-relaxation behavior 
caused by mixing, a hypothetical composite curve can be calculated for each 
blend from those of its components in terms of the linear superposition 
assumption proposed previously. In actual calculations, weight fractions 
were used instead of volume fractions, since they are practically the same 


-| Oo i 4 3 4 
log t 


Fig. 1. Composite stress-relaxation curves for six fractions of polyvinyl acetate 
at 75.0°C. 
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Fic. 2. Comparison of experimental composite stress-relaxation curves for four 
blends with those calculated for direct linear additivity of the contributions of the 
components. 


in magnitude for the samples used here. Figure 2 compares the experimental 
composite curves with those so calculated for four blends, using doubly 
logarithmic plots. For a blend in which the difference in molecular size _ 
between the components is rather small (Blend H), both curves almost 
coincide with each other over the entire range indicated. On the other hand, 
the curves deviate from one another when the molecular sizes of the com- 
ponents are very different (Blend C). Both Blends F and G consist of the 
same components but with different weight compositions. It is apparent 
from this figure that the larger the difference in molecular size between the 
components, the less adequate the simple linear superposition assumption 
becomes. Common to all these examples is the fact that in the terminal 
region the two curves are almost the same in shape but different in location 
on the log ¢ axis. This suggests that the smaller size component acts like a 
plasticizer to the larger size one so that the relaxation modulus curve of the 
latter is shifted towards the shorter time direction (7). To account for this 
phenomenon we shall assume that the linear additivity by volume (or by 
weight) is valid and that the apparent horizontal shifts of the component 
curves along the log ¢ axis is due to interactions caused by mixing molecules 
of different sizes. Using these assumptions, it is found from the present work 
that a single shift factor for the time scale can be used for each component 
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to fit the calculated curve to the experimental curve over the entire rubbery 
region. Thus the relaxation modulus of a blend, denoted by £;,(t), can be 
represented by 


Exi(t) = wE(t/r1) -+ Well ,(t/X2). [1] 


Here w:, w2 are the weight fractions of the components; £,(t), £.(t) are 
the relaxation moduli of the components; \1, Az: are the constants which 
corresponded to the horizontal shifts. This treatment could be applicable 
only in the rubbery region; the transition region from glassy to rubberlike 
consistency will not be affected by blending of this kind. Hereafter the 
subscripts 1 and 2 will be used to denote the smaller and the larger molecu- 
lar species, respectively. The process of determining the values of \; and 
Xe 1s illustrated graphically in Fig. 3. The experimental curve is first com- 
pared with wf, at long times where no relaxation contributions from 
component 1 are to be expected, and the shift factor d» is determined to 
make the two curves coincide in this region (upper figure). Then a plot of 
the experimental curve minus w2f2(t/d2) is compared with one of w:/,(t), 
and the shift factor \; is determined to make these two curves coincide in 
the long time region (lower figure). 


t~ 


Ww, E, (Xt) a 


Blend A & 
0.25 Fraction IX 1.9 x10 — E,(t) 
075 Fraction XI 76x10°— E,(t) 


LOG E(t) DYNES/CM2 


® 


ao 


LOG E(t) DYNES/CM2 


> 


ae | | Cw Re) 5 We X33 
LOG t IN SECONDS 
Fra. 3. Graphical illustration of the determinations of shift factors \i and 2 for 


Blend A (see text for explanation). 
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The evaluated shift factors depend both on the combination and the 
weight fractions of the components; Ai is always greater than unity and )»2 
less than unity. The factor \ may be regarded as the ratio of the average 
frictional resistance encountered by a molecule of given size in the blend to 
the resistance it would encounter surrounded only by other molecules of its 
own size. 

It can be shown from Eq. [1] that the tensile steady-flow viscosity of a 
blend, denoted by 7, is written in terms of those of the components, 
m and m2, to give 

Nor = Widim + Wedr2ne. [2] 


In the Appendix of the earlier paper (2) it was shown that the approximate 
mathematical relationship, 


is MF (M) amt / ie MF(M) aw] 


= Ne M*“F(M) amt / [ F(M) au |, 


holds almost independent of the shape of F(Z) unless the shape of F(M) is 
too far from a unimodal function (see Appendix). If the steady-flow 
viscosity is proportional to the 3.4 power of the wezght-average molecular 
weight of the sample, it follows from Eq. [3] that 


Wa = wi(M y61/M m1) chose wWo(M nvi/Mns) 2. [4] 


[3] 


Comparison of Eq. [2] with Eq. [4] indicates that \; should be equal to 
Mr1/M ni. | 

It was stated in the previous paper (1) that the viscosity of the polyvinyl | 
acetate sample at 75.0°C. fits the equation, 


n= 10°"M,**, (7X 10= de SIO) [5] 


where M, is the viscosity-average molecular weight. 

It has been mentioned that the E(t) curves found from the present 
experiments differ slightly in their terminal regions from those reported 
previously. The details of the H(t) curve in this region contribute greatly 
to the viscosity evaluated therefrom. Thus the steady-flow viscosities 
at 75.0°C. were re-evaluated using the data from the present measure- 
ments. The equation used, which can be derived from the well-known 


relations between the relaxation spectrum and E(t) and 7, as pointed out by 
Professor H. Fujita, was 


n= i tH(t) dln t. [6] 
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Fic. 4. Logarithmic plot of the tensile steady-flow viscosity vs. weight-average 
molecular weight. 


In Fig. 4 the values obtained are plotted against M,, on a log-log graph. 
It should be noted that in practice the evaluation of 7 in terms of Eq. [6] 
is not too reliable for the following reasons. The measurements of the 
relaxation curves could not be made with high accuracy in the terminal 
regions, and further, no actual data were available for E(t) below 10° 
dynes/cm.”. Uncertainties due to these defects are indicated by vertical 
segments attached to the plotted points, estimated by plausible extrapola- 
tions of the observed H(t) curves down to the lower regions. It appears from 
Fig. 4 that the viscosities vary with the 3.4 power of M,, in the range of 
8 x 10° < M., < 4 X 10°. Thus we have 7 = 10°°"M,"* for 8 X 10° < 
M,, < 4 X 10’, in good agreement with Eq. [5] obtained previously. As seen 
in Fig. 4, the viscosities for samples of M,, > 4 X 10° deviate progressively 
from the 3.4 power line with increasing M,, in contrast with the previous 
study. Fox and Loshaek (8) have shown that the 3.4 power law of the 
steady-flow viscosity can be accepted over a wide range of molecular weight 
irrespective of both the heterogeneity and the species of the polymer. It is 
not as yet clear whether the marked deviation from this rule found here for 
the high molecular weight samples of polyvinyl acetate is real or not; this 
point could be clarified with direct viscosity measurements. 

In Fig. 5, log X; is plotted vs. log (M.1/M,:) for all blends studied. The 
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Fic. 5. Logarithmic plot of the shift factor, i, vs. the ratio of the number-aver- 
age molecular weight of the blend to that of the component, Mn»:/M,n;:. Open circles, 


M, < 4 X 105; slotted circles, M, > 4 X 10°. 


points for the blends of M7, < 4 X 10’ fall on a straight line of slope unity 
passing through the origin, in agreement with the prediction mentioned 
before. Those for the other blends fit a straight line with a slope of 2.3 | 
passing through the origin, corresponding to the samples whose viscosities — | 
do not obey the 3.4 power law. 
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SUMMARY 


Six blended polyvinyl acetate samples were prepared, each by mixing 
two fractionated samples selected from six fractions ranging in molecular 
weight from 8 X 10° to 8 X 10°. Stress-relaxation curves in the rubbery 
region were measured in the range of temperature 45°-160°C. For each 
sample (blends and fractions) a composite curve, E(t), was obtained by the 
method of reduced variables. Assuming that in a blend the contribution of 
the components to E(t) are linearly additive by volume, H(t) of each blend 
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was calculated from those of the component fractions. Comparison of the 
experimental and calculated composite curves showed that the larger the 
difference in molecular weight between the components, the less adequate 
becomes the assumption of linear additivity. But if we assume interaction 
effects which result in horizontal shifts of the component composite curves 
along the logarithmic time axis, the H(t) curves of blends can then be 
satisfactorily represented by linear additivity. The horizontal shifts are 
always towards the right for the smaller molecular weight components and 
towards the left for the higher molecular weight components. The magni- 
tudes of the horizontal shifts can be related to the ratio of the number- 
average molecular weight of the blend to those of the component fractions. 
For blends of molecular weights less than 4 X 10’, the shift is simply equal 
to that ratio. 
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Appendix 


It was stated in the Appendix of the earlier paper (2) that the approxi- 
mate mathematical relationship, 
713.4 


| | " MeR(M) dM ii | ” MF(M) aM | 


= EE M*“F(M) amt / ie F(M) am |, 


holds almost independently of the shape of F(M/). Taking MF(M) in this 
equation as a normalized weight distribution of molecular weight of a 
polymer (=¢(M)), the following relation can be obtained: 


[3] 


m2 = M, i ui! o(M) dM. [7] 


Recently Dr. H. Leaderman of the National Bureau of Standards pointed 
out that these relations become less applicable when a polymer consists of 
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Fic. 6. Plots illustrating the degree of validity of Eq. [7] for binary blends of 
monodisperse fractions. 


two monodisperse fractions the molecular weights of which differ from one 
another. This is illustrated numerically in the following. Consider a blend 
consisting of two monodisperse fractions of molecular weights M and KM, 
where K is an arbitrary constant greater than unity. Then it can be shown 
that the left- and the right-hand sides of Eq. [7] become M,,°* 
and M,[wM’?* + (1 — w)(KM)*", respectively. Here w represents the 
weight fraction of the small molecular size component. The ratio 
{M,[wM** + (1 — w)(KM)’*|/M,,°*} was calculated as a function of 


w for K = 2, 4, and 10 and plotted in Fig. 6. It is seen in this figure that | | 


when the molecular weight of the large-size component is tenfold of the 
other, Eq. [7] ceases to be practical. The author is grateful for the helpful 
advice of Dr. H. Leaderman. 
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ABSTRACT 


One possible condition under which simple micelle solutions might exist in non- 
equilibrium is that there should be a thermodynamic barrier to the formation of a 
micelle from the free molecules, or to its breakdown once it is formed, or to both. 
This would make it possible for micelle solutions to exist in which the average micelle 
size is either greater or smaller than at complete equilibrium. Relative to the latter, 
solutions having a smaller number of large micelles would be at a high chemical po- 
tential, whereas those having a greater number of small micelles would be at a low 
chemical potential. The rate at which such solutions attain equilibrium would depend 
on the difference between the rates of micelle generation and breakdown. The rate of 
equilibration would therefore be slow if either of the primary processes was slow or if 
the difference between their rates was sufficiently small. 

Detailed experimental evidence is given by two independent methods for the 
existence of nonequilibrium states of solution for cetyl trimethyl ammonium bromide 
around the CMC. The time to complete equilibrium for 1 mM soap at 20°C. is about 
30 hours when in 0.1 mM potassium sulfate and about 70 hours when in 1 mM scdium 
bromide. The way in which such nonequilibrium states can be prepared and the sign 
of their chemical potential are predicted by the hypothesis just formulated. Aggre- 
gates are also shown to be present down to less than half the CMC, and support is 
given to recent doubts expressed about the validity of the concept of constant micel- 


lar size. 
INTRODUCTION 


In a preliminary paper (1) it was shown that dilute aqueous cetyl tri- 
methyl ammonium bromide (CTAB) containing a little sodium bromide, 
could exist in distinct states which required 16 hours to equilibrate at 25°C. 
This result was contrary to current views on the rate of attainment of 
equilibrium in micelle solutions (2), and because of the indirect and unusual 
experimental method, and consequent difficulties of interpretation, a full 
discussion was postponed until more data should become available. Such 
data and discussion form the subject matter of the present paper. 

The principal technique depends on the fact that the addition of naphthol 
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to CTAB solution causes it to become viscoelastic to a degree depending 
not only on the composition of the original solution but also on the way it 
was prepared. This discriminating effect of naphthol is enhanced if a little 
salt is also present. Once naphthol has been added the properties of the solu- 
tion change only very slowly with time (1, 3) so that the immediate meas- 
urement of some viscoelastic parameter can be properly related to the state 
of the original solution containing only CTAB and salt. The naphthol seems 
to act as a kind of amplifier for the hitherto imperceptible differences be- 
tween the various possible states of a CTAB salt solution of any particular 
composition. This view is rendered the more plausible by the large random 
fluctuations found during studies of the naphthol complex in the Couette 
viscometer (3), indicative of a high “noise level’”’ such as is commonly asso- 
ciated with a high degree of amplification. In fact the fluctuations were so 
great that conventional viscometry was abandoned in favor of an entirely 
different technique, developed from work done on the water-carrying ca- 
pacity of the foam generated from such solutions (4). 

Because of the novelty of this technique, and the fact that some new 
ideas on micelle solutions are to be presented, some of the experimental 
details would seem meaningless without prior knowledge of the writer’s 
own views. It is therefore necessary at this stage to give the latter in some 
detail and to present the experimental section later. 


Hypothesis Regarding the Generation of Nonequilibrium States 
in Simple Micelle Solutions around the CMC 


It is fundamental to the theory of aggregation colloids that there should 
be rapid diffusive equilibrium between any individual micelle and the neigh- 
boring solution of unaggregated material. It does not follow, however, that 
a homogenous solution of micelles must also attain equilibrium rapidly. 
Suppose, for example, that a solution contains fewer micelles than the equi- 
librium number. The rate at which such a solution approaches equilibrium 
will depend on the difference between the rates at which new micelles are 
generated and the rate at which old ones are broken down, which is essen- 
tially a problem of nucleation. At low concentrations of a compound with a 
correspondingly low CMC, both rates may be slow or the difference between 
them small. Of course if a micelle solution is suddenly diluted to well below 
the CMC, the micelles will break down rapidly since there are large numbers 
of molecules leaving each one, by diffusion, and very few coming in. Around 
and above the CMC, however, there are on the average about as many 
molecules entering each micelle as leaving, so that again something anal- 
ogous to nucleation, but in reverse, is required to effect breakdown. Both 
formation and breakdown, under these conditions, come within the pro- 
vince of the theory of cooperative fluctuations (5). 
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Ways of Generating Nonequilibrium in Micelle Solutions 


If a strong micelle solution is simply diluted to some point at or above 
the CMC, the total number of micelles must decrease so as to supply free 
molecules in the larger volume between them. If this decrease in numbers is 
a slow process the freshly made dilution will not be in equilibrium, the num- 
ber of micelles continuing to decrease over a period of time. Such a decrease 
could account for the observation of Debye and Anacker (6) that the light 
scattered from CTAB solution gradually decreased. They suggested vari- 
ous incidental causes, but there was no mention of such an effect with the 
myristyl (C-14 as compared to C-16) homolog. This is understandable on 
the nucleation hypothesis since the rate should depend very strongly on 
concentration, so that a measurable rate for C-16 soap (CMC 0.9 mM) 
might well mean an immeasurably fast rate for C-14 soap (CMC 3 mM). 

If a little salt is introduced the system becomes more flexible, and in par- 
ticular it allows of the preparation of solutions in which the number of 
micelles gradually increases, as well as those in which it decreases, with 
time. In considering how such solutions could be prepared, it is convenient 
to be specific and to deal with some of the actual mixtures used in the ex- 
periments. The stock solutions were typically 0.1 M@ CTAB and 0.1 M@ 
sodium bromide, the experimental ones being say 1 mM in each component, 
so that dilution is 100-fold for each. In the ordinary way no attention would 
be paid to the exact way in which the dilutions were made. With slow 
equilibration, however, the order of addition of the components could affect 
the final result, as follows: 

(C + 8S) 1 mM solution. One milliliter of stock CTAB is added to 98 ml. 
of water and mixed. Since the CMC is 0.9 mM, many of the micelles be- 
longing to the stock solution will be broken down by dilution into regions 
well below the CMC. After complete mixing, the solution will therefore 
contain the rather small number of micelles that have escaped this process. 
When 1 ml. of salt is added the CMC is suddenly decreased to 0.5 mM, so 
that much of the free soap should aggregate. By hypothesis, the number 
of micelles increases only slowly, so that the few already present are tem- 
porarily forced to accept all the surplus material. Initially, therefore, the 
solution contains a small number of oversize micelles; the mean aggrega- 
tion number is higher than at equilibrium, and the chemical potential is 
higher. 

(S + C) 1 mM solution. Stock salt is first added to 98 ml. water, and 
mixed. The CTAB is then run into approximately 1 mM salt, in which the 
CMC is only 0.5 mM. Breakdown of the micelles going in from the stock 
solution will therefore be arrested sooner than in the previous case, and the 
final number after mixing will be higher. It may well be higher than the 
equilibrium number, and if so the mean size will be smaller than at complete 
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equilibrium and the chemical potential lower. In any case it would be lower 
than for the (C + S) solution. 


Different Kinds of Discriminating Agent 


Such differences as might actually be present between CTAB/salt solu- 
tions of the same composition but different histories cannot be obvious. 
For example, tests with a commercial conductivity meter showed that dif- 
ferences in conductivity, if any, were less than 2%. Two indirect methods 
by which such solutions can be readily distinguished are used in the present 
work. The first has already been indicated and consists of the addition of 
ethanolic naphthol solution and estimation of some parameter of the re- 
sulting viscoelasticity. The latter seems extraordinarily sensitive to any 
differences in the treatment of the original solution, and the method prob- 
ably furnishes the most accurate simple way of discriminating closely 
aligned states of the same solution, as occurs in studies of the equilibration 
rate. It is, however, too indirect to afford any kind of test for the hypothesis, 
except in so far as the results are not inconsistent with it. 

The second method is better in this respect since with it there is a 1:1 
chance of disproving the hypothesis. The method is to add a very small 
amount of a fluorescent dye, of charge opposite to that of the soap, and to 
measure the fluorescence of the solution as a function of soap concentration. 
It is found that the fluorescence intensity depends somewhat on the his- 
tory of the original solution, but the quantitative differences are not so 
large in relation to the probable error, compared to the first method. 


Choice of Viscometric Discriminating Agent 


Many naphthalene derivatives form viscoelastic solutions with CTAB, 
around and even well below the CMC (7). Naphthalene itself and the less 
polar derivatives need a fairly high concentration of salt to show the effect. 
The carboxylic and sulfonic acids, on the other hand, behave more like 
dyes in causing aggregation below the CMC; the concentration of free soap 
molecules is thereby reduced so much that the particular technique found 
necessary would no longer be applicable. Either of the naphthols has the 
appropriate moderate degree of interaction, the 1-isomer being rejected as 
oxidizing too readily. 


Chorce of Fluorimetric Discriminating Agent 


The possibility of discriminating between C + S and S + C solutions by 
means of a dye lies in the observation of Mukerjee and Mysels (8) that a 
dye of charge opposite to that of the soap often forms an organic salt with 
it below the CMC, which gradually merges with true micelles as the soap 
concentration is increased. With some fluorescent dyes, the organic salt is 
not fluorescent, but the fluorescence is regained when the dye is adsorbed 
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by the micelles, which can successfully compete with the organic salt for 
the dye. As the soap concentration is gradually increased from zero, the 
fluorescence of the dye (assumed to be present. in very small amount) 
decreases to a minimum and is then gradually restored to its original value. 
In solutions represented by the rising part of the curve, the dye is dis- 
tributed between the organic salt and the adsorbed state. In this region 
the system should be sensitive to changes in chemical potential, and the 
fluorescence/concentration curve for CTAB in C + § solutions should be 
different from that for CTAB in S + C solutions. This expectation was 
realized, as will be shown below. As organic salt formation is rather weak, 
_a strongly acidic dye such as dichlorofluorescein was found suitable. The 
high quantum yield of the latter also meant that a very low concentration, 
approximately micromolar, was sufficient to give adequate readings, so 
that the dye would not of itself interfere very much with the course of mi- 
cellization. 


EXPERIMENTAL 


As previously mentioned the Couette viscometer was found unsuitable 
for accurate work with CTAB/naphthol solutions owing to large random 
fluctuations in the reading. The ordinary tube viscometer is also unsuitable, 
since the rate of flow of the solution is very little different from that of 
pure water (non-Newtonian behavior). It was, however, noticed that the 
foam produced by shaking some of the solution in a bottle was particularly 
dense, and a study was made of the rates of drainage of such foams (4). 
The time required for half of the liquid to drain out of the foam was found 
to be fairly reproducible, even with the rather crude technique of shaking 
the bottle a given number of times and then timing the rate of rise of the 
liquid level below the foam. The half-drainage time must have been related 
in some way to the various components of the non-Newtonian viscosity of 
the solutions. Accordingly an apparatus was constructed for generating 
foams by bubbling and collecting and weighing an accurately reproducible 
volume of foam under conditions which ensured a standard amount of 
drainage before collection. The viscoelastic parameter is then a weight, and 
the error was found to be only 0.8% to 0.4% at the 30-g. level (1). This 
weight is therefore an accurate index of the state of the solution before the 
addition of naphthol, although it is not at this early stage possible to re- 
late any particular foam weight (or indeed any other viscoelastic parameter 
that can be imagined) to, for example, any particular micelle size or chemi- 
cal potential. 

The apparatus was very simple, and has been fully described (1). The 
same procedure was used as in the early experiments: 1.34 1. of foam was 
generated in 82 sec. and of this 1.06 1. was collected in a polythene bag and 
weighed, the drainage time at spill-over being 15 sec. The ambient tempera- 
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ture was set to 20°C. instead of 25°C. as in the early experiments so as to 
allow more time for some of the manipulations (much slower rate of equi- 
libration) and also with a view to obtaining some information about the 
temperature coefficient of aging of the solutions. Stock solutions were 0.1 
M aqueous CTAB, 0.1 M aqueous sodium bromide, 0.01 M aqueous po- 
tassium sulfate, and the discriminating agent, 0.1 M ethanolic 2-naphthol. 
Solutions of the same composition but different properties were made up 
and tested as follows: 

1. Equilibration of all materials and apparatus in a room the temperature 
of which was thermostatically controlled to 20° + 0.1°C. 

2. Addition of water (approximately 98 ml.) to a beaker with a stirrer 
run by a synchronous motor, and starting to stir. 

3. Preparation of the experimental solution in one of two ways, by add- 
ing the CTAB first and then the salt (C + §S) or vice versa (S + C). The 
stock solutions were run in as uniformly as possible, intervals between 
additions being 30 sec. (stirring all the time) to ensure a homogenous solu- 
tion before the addition of the second component. 

4. Aging, if any, of the experimental solution, which so far is indistin- 
guishable from its complementary state. 

§. Addition of stock naphthol to bring the total volume to 100 ml. The 
solution now becomes viscoelastic to a degree depending not only on its 
composition but also, in general, on whether it was originally C + § or 
Re ckeds 

6. Transfer of the viscoelastic mixture to the flask of the foam apparatus, 
and standing for 5 min. 

7. Generation, collection, and weighing of the foam. 


Discrimination by Fluorescence 


5a. In these experiments, instead of naphthol, 2 ml. of a 60 uM solution 
of dichlorofluorescein in 100 1M alkali was added to the experimental solu- 
tion, to bring the total volume up to 100 ml. 

6a. The fluorescence of 50 ml. of the latter was found in a simple fluorim- 
eter with a light source (125W H.P.M.V. lamp with a Woods glass envelope) 
run from a well-stabilized power supply. 

As the whole point of the work was to see how solutions of identical 
composition behaved differently according to their history, it is empha- 
sized that pairs of solutions, C + S and S + C, were always treated iden- 
tically with the discriminating agent. The naphthol concentration was 
chosen to be always equimolar with the CTAB, whether the latter was of 
constant or variable composition in any particular set of experiments. This 
was done because maximum viscoelasticity occurred when the two com- 
pounds were approximately stoichiometric. 
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Materials 


The salts were of ordinary reagent grade, and the CTAB and naphthol 
were purified as previously described (1). The question of homologous im- 
purities in the CTAB is discussed below. 


RESULTS 


Without naphthol, foam weights are low, and there was no perceptible 
difference between C + S and S + C solutions when measured at 25°C. in 
the earlier work (1). The term “foam weight,” unless otherwise stated, is 
understood to mean the weight determined according to the complete ex- 
perimental procedure just described, i.e., after the addition of naphthol, so 
that the solutions contained not only CTAB and salt but naphthol and 
alcohol as well. It is, however, convenient at this point to show that the 
salt is not necessary for demonstrating nonequilibrium in CTAB solution. 
When 1.1 ml. of stock naphthol was added to a freshly made dilution of 
CTAB (1.1 ml. stock to 98 ml. of water) the foam weight was 2.95 g. If the 
CTAB solution was allowed to stand overnight at the temperature of the 
experiment (25°C.) the foam weight after addition of the naphthol had 
increased to 4.62 g.—a change far outside the probable error. It will be 
seen from the results presented below that low concentrations of salt greatly 
increase the range of the weight differences, and also permit the observa- 
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Figs. 1 and 2. Foam weight naphthol complex derived from each state of 1 mM 
CTAB/bromide (Fig. 1) and each state of 1 mM CTAB/sulfate (Fig. 2) as a function 
of salt concentration, at 20°C. (C + 8) state --- O (S + C) state--- @ 
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Figs. 3 and 4. Foam weight from naphthol complex derived from each state of 
CTAB/mM bromide (Fig. 3) and each state of CTAB/0.1 mM sulfate (Fig. 4) as a 
function of CTAB concentration, at 20°C. (C + §) state --- O (S + C) state 
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tion of approach to equilibrium from both sides by changing the time order 
of addition of the salt and CTAB as described above. 

For uniformity in the diagrams, the foam weights from naphthol com- 
plexes derived from C + § solutions are plotted as circles, while the foam 
weights from naphthol complexes derived from § + C solutions are plotted 
as dots. The same convention is used with regard to the fluorimeter read- 
ings when the discriminating agent is a dye instead of naphthol (Fig. 9). 


Concentration Effects 


The foam weight from 1 mM CTAB was 8.0 g. initially; as salt was 
added the weight increased, separation of the two states occurring at once 
with both sodium bromide (Fig. 1) and potassium sulfate (Fig. 2). It can 
be seen that the nature of the salt is important, and that good separation of 
states can be obtained using either 1 mM bromide or 0.1 mM sulfate. Keep- 
ing the salt concentration at these two values, the effect of varying the 
CTAB concentration was found (Figs. 3 and 4). The small maximum found 
at 0.1 mM CTAB has been omitted (1); so far below the CMC the solu- 
tion could not be expected to exist in different states, and in fact no dis- 


crimination was ever observed. 
Aging of Each State of a Typical Solution 


C +S and§$ + C solutions of 1 mM CTAB in either 1 mM bromide or 
0.1 mM sulfate were made up and allowed to stand for different times be- 


Foam weight in grams 


y, 
(age in hours) 2 


ITGao 


Foam weight in grams 


% 


(age in hours) 
Fia. 6 


Fies. 5 and 6. Foam weight from naphthol complex derived from each aged state 
f mM CTAB/mM bromide (Fig. 5) and each aged state of mM CTAB/0.1 mM sulfate 
Fig. 6) as a function of age, at 20°C. (C +8) state---O (S+C) state--- @. 
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fore the addition of naphthol. The resulting foam weights were conveni- 
ently plotted against the square root of the time, as was done previously for 
bromide-containing solutions at 25°C., though the time scale had to be in 
hours rather than minutes (1). It can be seen (Figs. 5 and 6) that the ini- 
tial and final foam weights are not very different for the solutions contain- 
ing the two different salts, but that the aging of S + C (sulfate) seems to be 
faster than in the other three cases. 


Micztures of the Two States of One Solution 


C+SandS + C solutions of 0.01 mM CTAB bromide were made up, 
divided, and recombined so that the final volume was always 99 ml. One 
milliliter of stock naphthol was then added and the foam weight found. The 
latter is plotted against percentage composition in Fig. 7, the horizontal 
dotted line being at the expected equilibrium value, estimated from Fig. 5. 
The relation is clearly not linear; trial plots showed good proportionality 
between foam weight and the cube of (C + S) percentage. No such simple 
relation was found in the case of the sulfate-containing solutions, but the 
deviation was in the direction to be expected from the rather rapid apparent 
aging of (S + C) with sulfate while the solutions were being manipulated 
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Fie. 7. Foam weight from naphthol complex derived from mixtures of each state 
of mM CTAB/mM bromide, as a function of composition of initial mixture, at 20°C 
(C + 8) state --- O (S + C) state --- @ . 

Fig. 8. Foam weight from naphthol complex derived from each state of mM 
CTAB/mM bromide, as a function of alcohol content of final solution, at 20°C (C 
+ 8) state --- © (S + C) state --- @ 
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Effect of Alcohol 


Figure 8 shows how the foam weight from 1 mM CTAB varied with the 
strength of the alcoholic naphthol solution, such that the final concentra- 
tion of naphthol was always 1 mM but had different amounts of alcohol. 
The foam weight falls off very rapidly with increasing alcohol concentra- 
tion for the S + C solutions, but for the others it increases to a maximum 
at an alcohol concentration of 1.4% corresponding to a stock naphthol con- 
centration of 0.07 M. 


Effect of Agitation 


The obvious procedure in aging experiments was to take successive sam- 
ples from a large volume of solution, adding the required amount of naph- 
thol and finding the foam weight. Early work on these lines (not reported) 
gave irregular results, and it was eventually found that the errors arose 
through the progressively greater amount of agitation in the history of the 
samples. Experiments confirming the effect of gentle agitation were done by 
rotating flasks of solution for different times on a tilted turntable. It was 
found that agitation during aging always decreased the foam weight as 
compared to unrotated controls. No experiments were done in an appara- 
tus capable of giving a controlled and known rate of shear. 


Effect of Homologous Impurities 


CTAB is derived from natural cetyl alcohol and is not the pure C-16 
compound; the conventional purification used would not be expected to 
remove close homologs. The material was from the same purified batch as 
was used in the earlier work at 25°C., and a new batch obtained about a 
year later was found to be somewhat different. For example, the S + C 
curve of Fig. 8 was shifted about 1% unit to the right, the C + S curve 
being altered to a lesser degree. The effect of aging was also rather differ- 
ent, but the general picture was not much altered. 


DISCUSSION 


All the information about the simple CTAB/salt solutions was obtained 
by indirect means, and the results depend rather strongly on the experi- 
mental conditions. For example, the alcohol concentration experiment (Fig. 
8) shows that the preceding figures would have been of a different shape 
had the stock naphthol solution been of a different strength. In general, 
therefore, it is not possible to make quantitative deductions from the re- 
sults, and this discussion is mainly confined to showing in a qualitative 
manner that they are consistent with the ideas put forward in the Intro- 
duction. According to them a freshly made CTAB/salt solution has micelles 
of average aggregation number N + n, where n is different for the two 
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states, C + S and S + C, and N is the aggregation number at complete | 
equilibrium. The data of Figs. 5 and 6 also suggest that the sign of n is dif- | 
ferent in the two cases, as equilibrium seems to be approached from either 
side. 

Micelle Shape 


The sensitiveness of the CTAB/salt solutions to agitation could be taken | 
as evidence for the presence of long thin fragile micelles, but this is unlikely 
since it would imply exposure of some of the hydrocarbon chain. The solu- | 
tions are of the kind considered by Philippoff (10) as containing micelles | 
that do not depart significantly from the spherical shape. Detailed calcu- 
lations by Tartar, based on purely theoretical considerations, are in agree- | 
ment, a small degree of oblateness being possible (11). Light scattering (6) 
showed that the micelles did not become appreciably dissymmetric (rod- | 
like) until the salt concentration was over 100 times that used in the pres- | 
ent work. It is of course easier to understand differences in chemical po- 
tential due to micelles of different size if they are approximately spherical. 


Sign of Chemical Potential for Each State 


It is possible to fit the sign of n to the appropriate solution, C + S or | 
S + C, from the data of Fig. 9. When n is positive the micelles have a posi- 
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Fie. 9. Restoration of fluorescence of 1.2 uM dichlorofluorescein by each state of 
CTAB/mM bromide, as a function of CTAB concentration, at 20°C. (C + §) 
state --- O (S + C) state --- @ 
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tive chemical potential, so that the solution will have a somewhat higher 
concentration of free ions than at complete equilibrium. In reaction with 
dye ions, the formation of the organic salt will therefore be favored over the 
adsorption complex. As the latter is not fluorescent the solution should show 
less fluorescence than normal. Figure 9 indicates that this occurs for the 
C + S solution, so that n is positive as predicted by the hypothesis. The 
reverse holds with regard to the S + C solution. 


Relative Magnitude of Excess or Defect of Material in the 
Micelles for Each State 


It can be assumed (a) that a homogenous micelle solution contains only 
one kind of micelle, because the slightest energy difference would cause 
rapid diffusive exchange of material until the different kinds were identical; 
(6) that when CTAB/salt solutions of identical composition also give the 
same foam weight with naphthol, by the procedure described above, they 
are in fact identical in all respects. Any denial of the latter proposition would 
imply that CTAB solutions are of quite unbelievable complexity. 

The data of Fig. 7 are then important because they enable one partially 
quantitative deduction to be made. The equilibrium state, with average 
micelle aggregation number N, can be seen to be identical with a mixture 
consisting of 20% C + S and 80%S8S + C. If the latter has micelles of aver- 
age aggregation number N — n, it follows by intuition or simple calcula- 
tion that the former must have micelles of average aggregation number 
N + 4n. This result depends on the reasonable assumption that mixing 
does not cause a sudden change in the total number of micelles present in 
the two solutions, but simply allows the oversize ones to shed material and 
the undersize ones to take it up. There is also a correction, of unknown 
magnitude, for the difference in the concentration of free ions which must 
exist between the two states. 


Aggregation below the CMC 


The CMC of CTAB in 1 mM bromide is 0.5 mM (1). From Fig. 1 it 
may be seen that, using naphthol, discrimination between states begins 
rather below this, at 0.4 mM. With dichlorofluorescem discrimination be- 
gins at 0.2 mM (Fig. 9) but is lost above the CMC sooner than with naph- 
thol, presumably because once the micelles are fully formed the proportion 
of organic salt is negligible. The two discriminating agents are therefore 
complementary, to some extent; the dye is valuable because it provides 
unequivocal evidence for the presence of aggregates down to less than halt 
the CMC. It is suggested that the mass action relation (12) needs modifi- 
cation to allow for a considerable change in micelle size around the CMC. 


Supersaturation 


The solutions made up with sodium bromide were probably super- 
saturated at 20°C., though not at 25°C., the temperature of the earlier 
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work. However, there seems no reason why supersaturation with respect to 
the solid phase should in any way affect the results of measurements made 
on the liquid (micelle) phase. A separate investigation (13) showed in a 
formal manner that the phase relations between crystals, micelles, and solu- 
tion were those to be expected if three phases, solid, liquid, and solution, 
were present, as has been surmised by many workers in the past (extension 
of Krafft point to low concentrations). It was also shown that sulfate-con- 
taining solutions are generally undersaturated, considerably so under the 
conditions of the present experiments. 


The Temperature Coefficient 


Comparison with the results at 25°C. for bromide-containing solutions 
(1) showed that the temperature coefficient of the initial rate of loss of 
foam weight of the complex derived from the C + S solutions was 1.1, 
whereas for the S + C solutions it was much higher, 1.5 per degree. It is 
not possible to relate these figures in any quantitative manner to supposed 
rates of micelle generation and breakdown, but the large difference in the 
two coefficients supports the idea that the magnitudes of the actual rates 
are of the same order as the difference between them. The latter is known 
approximately from the results of the aging experiments (Figs. 5 and 6) so 
that it is possible to deduce a complete micelle turnover every few hours, 
very approximately. 


CONCLUSIONS 


Much more work needs to be done on nonequilibrium states of micelle 
solutions, and now that there can be little doubt as to their existence it 
should be more profitable to apply direct physical methods, such as accurate 
measurements of conductivity, light scattering, or ultrasonic absorption. 
On the theoretical side, it would seem necessary to consider, apart from the 
statistical fluctuations of size in an assembly of micelles (14), the possi- 
bility of slow changes in the average size. It should be possible to derive 
some figure, however approximate, for the rate of nucleation at a given 
free molecule concentration and for the rate of breakdown for micelles of 
a given size. Until these matters have been considered, the theory of micelle 
solutions, as recently expounded, for example, by Hoeve and Benson (15) 
and by Matijevic and Pethica (16) remains essentially incomplete. This 
would still be true in the case of shorter chain compounds where the rate of 
equilibration is probably too fast for detection. The writer, however, fully 
agrees with the conclusion of the former authors (15) that “the assumption 


of one micellar size from the start is not a suitable basis for the development 
of a theory of micelle solutions.” 
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ABSTRACT 


Previous methods for determining the particle size distribution of aerosols have 
involved counting the numbers and measuring the sizes, or some effects connected 
with size, of individual particles. This is a tedious and time-consuming procedure. 
When the size distribution changes with time, the processes cannot be investigated 
because of the relatively long times required for such determinations. 

The method presented in this article is based on measuring macroscopic prop- 
erties of a large number of particles. The electric current carried by a large num- 
ber (~108) of particles charged in a corona discharge and precipitated in an elec- 
tric field, when measured as a function of precipitation time, is one such property. 
The number of charges acquired by particles is a single-valued function of particle 
size. From the knowledge of this function and measured values of current (or ac- 
cumulated charges) versus time, the size distribution curve can be determined. 
The entire procedure, including the necessary calculation, takes about 20 minutes 
and requires relatively inexpensive equipment. All experiments were carried out 
with particles in the submicron range, the most difficult and at present the most 
important range. 

The size distribution of particles smaller than 0.2 u radius could not be deter- | 
mined by this method, since their charging follows another law. Theoretically it is 
possible to overcome this difficulty, but further investigation will be needed. 


INTRODUCTION 


The determination of particle size distribution, especially in the submi- 
cron range, is of importance in meteorology, hygiene, medicine, colloid 
chemistry, and industrial processes, where particle size represents the 
parameter of greatest interest. Aerosols are important from the military 
point of view. Here artificial radioactive aerosols, created by the explosion 
of atomic and hydrogen bombs, become one of the most dangerous weapons 


of atomic warfare. The strongest radiation is often from particles in the 
submicron size range. 


‘This work was supported by the Atomic Energy Commission for which the 
authors express their appreciation. 


* Present address: Bucknell University, Department of Physics, Lewisburg, 
Pennsylvania. 


74 


PARTICLE SIZE DISTRIBUTION OF AEROSOLS 15 


Every determination of size distribution in a given sample of an aerosol 
may be divided into two operations: one concerned with measuring the 
size of particles in a sample, the other with measuring the number of par- 
ticles of every size present in that sample. In the Appendix are listed the 
principal methods used at present for the determination of the distribution 
of aerosol particles with such limitations as are related to the method. 
It is of interest to determine the absolute size distribution in the range from 
0.2 to 1.0u radius, i.e., the number of particles of every size in this range in 
1 cm.’ in a sample. 

1. Particles electrified in a corona discharge acquire unipolar charges 
the number of which depends on their size. The dependence upon particle 
radius (r) of the number (n) of charges picked up by a particle can be de- 
termined experimentally by the procedures outlined in the next section and is 
valid for all particles having the same dielectric constant. The general 
form of this dependence is 


n = kr". (1] 


Here k is a constant and a is an exponent the value of which, determined 
experimentally, lies between 1 and 2. 

2. The charged particles settle in the electrostatic’ field of a precipitator 
with a velocity determined by the mass of the particles, their charge, and 
the field created in the precipitator. The curve, which represents the de- 
pendence between size and time of falling through a certain distance 
under given conditions, can be obtained from Stokes’ law. 

Stokes’ equation for the fall of a particle under the combined action of 
gravitational and electrostatic forces is given by: 


mg + neH = 6rnr “s [2] 
where m is the mass of a particle, g is the gravitational constant, e is the 
elementary charge, 7 is the viscosity coefficient of the carrier gas, ¢ is the 
time during which a particle of radius 7 carrying n charges travels the dis- 
tance S under the influence of field # and gravity in the precipitator. By 
applying a sufficiently strong field the gravitational force mg becomes 
negligible in comparison with the electrostatical force neH#. In this case 


(Fig. 1) 


6rnS r 
<a —-. 3 
‘ eH n [3] 


3 It is possible to apply a centrifugal or gravitational field instead of an electro- 
static field in the precipitator. In these cases Stokes’ law would give an even 
stronger dependence between time of falling and particle size. However, these 
two methods would be more difficult to handle experimentally. 
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Fic. 1. Settling time (in seconds) of charged (at 120 wa. charging current) stearic 
acid aerosol particles versus particle radius in microns. Particles settle under the 
field E = 0.0555 c.g.s. in a precipitator through a height of 2.4 em. 


If n is linearly dependent on 7, all particles will precipitate with the same 
velocity independent of their size and, therefore, particle size cannot be 
determined by this method without further modification.’ 

3. When the particles reach the conducting bottom of a precipitator, 
they give up their charges. The current or charges accumulated during a 
certain time interval can be measured as a function of time. The area under 


this curve represents the total charges of all aerosol particles, which origi- 
nally filled the precipitator. 


4 This limitation does not exist in the methods mentioned in footnote 8. 


PARTICLE SIZE DISTRIBUTION OF AEROSOLS 77 


The analysis of this curve should be initiated from the last time interval 
before the current ceased. If this interval is short, it can be assumed that 
all particles precipitated during the last time interval are of the same size. 
They represent the fraction of particles of the smallest size present in the 
sample, which at the beginning of the experiment was at the top of the pre- 
cipitator. From the time of falling to the bottom under given conditions 
we determine the radius of these particles using the curve illustrating radius 
as a function of time (ie., from the graph of Eq. [3]). From the curve, 
representing the charging law (number of charges vs. radius) we determine 
the number of charges (m) carried by a particle of this size (i.e., from the 
graph of Eq. [1]). Equation [8] for accumulated charges (AQ) shows that 
these three curves (r vs. t, n vs. r, AQ vs. t) supply all the data necessary 
for determining the number of particles in this fraction and, therefore, 
give the first experimental point on the size distribution curve. The frac- 
tion of particles precipitated during the preceding time interval consists of 
two parts: particles of the smallest size treated previously and of the next 
particle size determined by the time of precipitation. Subtracting the 
charges given by the smallest particles from the total accumulated charge 
during this time interval, the charges given by the fraction of particles of 
the next size will be obtained. The same procedure as for the particles of 
the smallest size will yield the second experimental point on the size dis- 
tribution curve. Continuing these operations, we will obtain all experimen- 
tal points, the number of which is equal to the number of the time intervals 
in which the curve AQ vs. ¢t was subdivided. Using a more sensitive record- 
ing micro-micro-ammeter than that available to us (Keithley Vacuum 
Tube Electrometer Model 200), one may obtain a practically continuous 
size distribution curve. 

As far as we know, no one has determined size distribution by the method 
outlined above. In 1923 Rohman (1) determined the average size by pre- 
cipitation of the particles moving as a jet perpendicular to an electric field 
and charged by corona from a point. His technique of jet production was 
improved in 1947 by Lipscomb, Rubin, and Sturdivant (2). They pre- 
cipitated charged particles from a jet and determined by microscopic count- 
ing the size distribution of particles on the precipitator plate as a function 
of distance traveled by a charged particle in a given electric field. They 
could not achieve a sharp separation of particles of different sizes but ob- 
tained only a range of sizes of the particles precipitated at each given point. 
This result was due to the unsatisfactory charging devices used in their 
research (a heated filament, cotton cloth at high potential, and plate coated 
with rayon flock fibers) and to unfavorable flow conditions in the duct. 

It may be possible to extend the method outlined above to the conifuge 
invented by Sawyer and Walton (3). Instead of counting individual par- 
ticles, the current caused by charged particles can be measured. To do 
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this the outer cone of the conifuge should be cut into circular rings which |} 
should be insulated from each other. ' 


DETERMINATION OF CHARGING LAW 


The charging device should satisfy the following requirements: | 

1. The losses of particles in the device due to precipitation under the |} 
influence of the charging field should be as small as possible. | 

2. The particles may obey any charging law except one in which the \| 
number of acquired charges is linearly proportional to the radius of the | 
particles. | 

3. All particles of the same size should pick up the same number of i} 
charges. 

The device (BCI) which virtually satisfied these conditions was built in 
the form of a cylinder 13.85 cm. long, 2.45 em. inside radius, with a wire of |} 
25 X 10 * em. radius stretched along the cylinder axis. A slit, 2.54 em. | 
long and 0.63 cm. wide, parallel to the wire, was cut through the cylinder 
wall. Half of a brass tube, cut along its axis, was placed on the slit so that 
aerosol particles traveled 2.54 cm. in the extended charging space of the | 
cylinder. 

The theory of charging in a unipolar corona discharge was developed by 
Pauthenier (4), Ladenburg (5), Arndt and Kallman (6), and Deutsch (7). 
Since the geometrical configuration of the charging space does not allow | 
one to apply the theory directly, the charging law was determined experi- | 
mentally. | 

Almost all experiments were performed with monodisperse stearic acid | 
aerosols produced in a La Mer-Sinclair generator (8). The particles are in a 
spherical semisolid state, i.e., they are no longer liquid after leaving the | 
cooling column of the aerosol generator. The dielectric constant of stearic | 
acid is 2.2, density 0.94 g./em.’. The particle size was determined from the | 
angular position of red bands in the Higher Order Tyndall Spectra (8) 
exhibited by monodisperse particles. 

Another method tried was the electrical dispersion of liquids as aerosols. 
When one applies a high potential to certain liquids contained in a glass 
tube ending in a fine capillary, the liquid issues from the capillary as 
highly dispersed, relatively monodisperse, aerosol drops. It was found 
(9) that only polar liquids with relatively high dielectric constant could 
be finely dispersed. The particles are highly charged. Since the output ob- 
tained by this method was too small, and it was difficult to regulate the | 
size of particles, the La Mer-Sinclair generator was preferred. 

Two methods of measurements were used: one based on measuring the 
upward and downward velocity of charged particles in a known electric | 
field in a Millikan chamber, and the other based on measuring the current | 
caused by charged monodisperse aerosol particles of a known concentra- 
tion precipitated in a given electric field. 
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The Millikan apparatus consisted of a brass chamber 314 in. in diameter 
with windows which allow observation of the particles from the light seat- 
tered by them in the forward direction. The light source was a ribbon 
tungsten filament, which was focused at the center of the chamber by 
two lenses. A solution of copper sulfate, placed between the light source 
and the chamber, served as thermofilter. The particles were observed at 
the center of the chamber between two horizontal plates separated by 0.285 
em. with a telemicroscope of 2 in. focal length and a magnifying factor of 
approximately 40 to 60. The field between the plates was varied from 0 to 
45 v. by a potentiometer. One division of the eyepiece scale was 0.019 em. 

If the size of individual aerosol particles could be determined optically, 
only one equation would be needed for determination of the number of 
charges (n) carried by a particle, that is, for the upward or downward 
motion: 


neH + mg = 6rnr e [2’] 
up 
Here £ is the field strength in the Millikan chamber in ¢.g.s. units (H = 
V/d, where V is the applied potential in c.g.s. and d is the distance between 
plates), 7 is the viscosity of the carrier gas, r is the radius of a particle and 
tup (taown) 18 the time during which a particle travels a given distance S in an 
upward (downward) direction. 
Aerosol particles, normally designated as monodisperse, show some size 
distribution. The size determined by ‘the Higher Order Tyndall Spectra 
is an average size, optically weighted. Therefore the particle the velocity of 
which is actually measured in a Millikan chamber may not possess pre- 
cisely the size determined optically. The procedure adopted for the deter- 
mination of n was: (1) the time was measured during which a particle 
travels a given distance S in the one direction; (2) then the time was meas- 
ured during which the same particle travels the same distance in the 
opposite direction (positive and negative potentials on the plates between 
which the particles move were reversed). By subtracting Eq. [2’] with + 
sign from Kq. [2’] with — sign and substituting m = 4/3zr%p where p 
is the density of particle material, we will get 


1 1 
= Dae et 4] 
: § {/ dane 


OnS 
Ko —— 
4g 
From the known value of r from Eq. [4] and Eq. [2’] with + or — sign 


we calculate n; 7 can also be calculated from the sum of Eqs. [2’]. Then n 
is plotted versus r, and the curve is drawn which best fits the experimental 


where 
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points. Different parts of the curve should then be approximated by 
analytical expressions. 

The disadvantages of this method are the following: (1) the measure- 
ment of the velocity of small particles in the Millikan chamber is a very 
tedious operation; besides, the particles under r = 0.34 are difficult to 
observe; (2) to establish a charging law, the velocities of a large number of 
particles of different sizes should be measured. This is a tedious operation. 
Therefore, we used this method only for preliminary experiments for the 
determination of the charging law, particularly for estimation of how 
uniformly the particles are charged in a given charging device under given 
charging conditions. Accordingly, we measured in most cases the velocities 
of not more than 20 particles. 

If the aerosol particles are very monodisperse and are sufficiently uni- 
formly charged, then instead of observing the motion of individual par- 
ticles, it is better to determine the velocity of a moving “front”’ of the 
particles. Such a measurement is much easier to perform and represents 
the average over hundreds of particles. Figure 2 shows the charging law 
for stearic acid aerosol particles charged at 300 wa. in a charging device’ 
(CI) under the rate of flow of 4 1./min. 

The second method for the determination of the charging law follows the 
procedure: 

7. Measurement of number concentration (NV) of monodisperse aerosol 
particles of a given size. The determination of N consists of three opera- 
tions: Weighing a piece of zero-penetration filter, filtration of aerosol through 
this filter, and weighing the filter after about 15 to 20 minutes of filtration. 

2. Measurement of penetration (P) through a charging device, i.e., 
determination of the ratio between the number of aerosol particles leaving 
and entering a charging device as a function of ionic current in the device. 

3. Measurement of the current (7,) caused by total precipitation of 
charged particles in a precipitator as a function of ionic current in the de- 
vice. 

Data obtained from operations (1) to (3) carried out on monodisperse 
aerosol particles give information sufficient to determine the number of 
charges (n) carried by a particle of given size. 


tp = NUPne, [5] 
where U is the rate of aerosol flow in em.’/sec., and eis the charge of an elec- 
tron (e = 4.8 X 10°” e.g.s.). Therefore, 

eo ee 

NUPe™ (6) 


* This charging device is very similar to one described above. It has a thicker 
wire (r = 38 X 10-4 cm.) stretched in the cylinder and the walls of this cylinder 
were four times thicker than that described above. 
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Fig. 2. Number of charges per particle measured in the Millikan chamber versus 
particle radius. The particles were charged in the device CI at 300 wa. charging cur- 
rent at a rate of flow of 41./min. The circles represent negatively charged particles; 
the crosses, positively charged particles. 


To determine a charging law in a certain size range, operations (/) to (3) 
should be carried out on a number of monodisperse aerosols within this 
range. 

The charging law for stearic acid aerosol particles has been determined 
using the precipitation method. The particles were charged in device BCI 
with an ionic current of 40 wa, 80 wa, and 120 wa (see Fig. 3, curves A, 


B, and C, respectively). 
The length of rubber and glass tubing between the charging device and 
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Fic. 3. Number of charges per particle versus particle radius. Stearic acid aerosol 
particles charged in the device BCI at a rate of air flow 2 1./min. by the charging 
current 40 wa. (Curve A); 80 wa. (Curve B); and 120 wa. (Curve C). 


precipitator was about 15 cm. If the rate of air flow was under 4.5 1./min. 
no ions produced in the charging device reached the precipitator. 


DETERMINATION OF PARTICLE Size DistrRIBUTION BY Mrruop oF 
ELECTROSTATIC PRECIPITATION 


If charged monodisperse aerosols fill the precipitator, then the current 
is constant since all particles are falling with the same velocity. Particle 
size is determined by the time that particles, originally on the top of the 
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cylinder, take to reach the bottom. This time equals the time when cur- 
rent starts and ceases (¢) and is given by Eq. [3]. If we denote by N the 
number of particles of size r in 1 cm.’ of the sample, and by Q the total 
charge of all particles, then 


Q 
where 7 is the number of charges carried by a particle of radius r, ¢ is the 
value of a unit charge, and V is the volume of the precipitator. If polydis- 
perse charged aerosol particles fill the cylinder, then at the beginning of 
the experiment particles of all sizes present in the sample are distributed 
uniformly throughout the precipitator. 

We measure and plot the charge accumulated during equal time inter- 
vals 7 as a function of time and assume that during each of these intervals 
the charges are given up by particles of the same size corresponding to the 
middle of this interval. Let us consider two subsequent measurements of 
charges corresponding to 7** and (7 + 1)s* intervals. Their difference 
AQ; = Q: — Qu+y can be attributed to particles of size r; which originally 
were on the top of the precipitator and in ¢; seconds reached the bottom. 
From the time ¢; we can calculate 7; using Eq. [3]. 

In analogy to Eq. [7] we have: 


AQ iti 

we hte nieV : 8] 
where AQ;/7 is the charge accumulated during one second and V/t; is 
the volume of particles of size r; precipitated every second during interval 
2. This calculation repeated from the first to the last interval when all 
particles are precipitated gives V; as a function of r; or, in other words, the 
size distribution of aerosol particles in a given sample. By decreasing the 
interval of measurements more experimental points can be obtained, 1.e., 
higher precision in the determination of particle size distribution can be 
achieved. In this equation: (1) Q; — Qc4) and corresponding ¢; are known 
from the curve which represents the measured dependence between amount 
of accumulated charges during a certain time interval 7 and time #; (see 
Fig. 4b); (2) n; can be determined from the curve representing charging 
law if the corresponding radius of the particles precipitated during this 
time interval is known (see Fig. 3); and (3) the average radius of these 
particles can be determined from Fig. 1, which shows the dependence be- 
tween ¢; and corresponding r; was calculated from Stokes’ law using a cor- 
responding charging law (in this case charging current was 120 ua., the 
Geld was H = 0.0555 c.g.s., and the distance between the precipitator 
plates was 2.4 cm.). In other words, we have at our disposal three relations: 
‘1) charging law (Mig. 3), (2) Stokes’ law for electrostatic precipitation 
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Fig. 4. (a) Circuit for measurement of the accumulated charges by the settling 
of charged aerosol particles in an electrostatic precipitator. (b) Charges in C ac- 
cumulated during a time interval of 1 minute versus time of settling under an elec- 
trostatic field of H = 0.0555 c.g.s. 


(Fig. 1), and (3) accumulated charges versus time (Tig. 4b). From these 
three curves three unknowns n; ,7; , and N;can be determined. The number 
of time intervals in which the curve expressed by Eq. [8] is subdivided, 
determines the number of experimental points on the size distribution curve. 

We have not considered the slip effect on the values of radii of particles 
in all equations used. The reasons for this are the following: (1) there are 
different opinions as to the necessity of correcting the particle size deter- 
mined from Stokes’ law if particles are in the submicron range, e.g., Perrin 
(10) and Dallavalle (11) do not recommend any corrections for particles 
with radii larger than 0.14; Whytlaw-Gray (12) states that correction 
should be applied for values of r less than ly; and Millikan (13) considered 
the size range from 0.2 to 2u radius as that which needs a correction (it 
should be pointed out that Millikan worked only with oil drops). (2) The 
previous work on dioctylphthalate and sulfur aerosol carried out in this 
laboratory (14) indicates that the radii of particles determined optically 
and from time of gravitational settling agree with each other much better 
if Stokes’ law was used without any correction. The same observation was 
made by C. W. Hewitt (15) of Westinghouse Corporation, Pittsburgh, 
Pennsylvania, from his work on dioctylphthalate aerosol. 
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EXPERIMENT 


The dimensions of our precipitator were: length of a plate 33.1 cm., width 
6.6 cm., distance between the plates 2.4 cm. Field strength in the precipi- 
tator was H = 0.0555 c.g.s. 

The null method was used for measuring the charges given up by pre- 
cipitated particles. See Fig. 4a, in which P is the precipitator, B; and B» 
are batteries, 40 v. and 22.5 v., respectively, C; and C2 are the internal and 
external capacitances (6uuf. and 7uyf., respectively) of the electrometer, 
C; is the capacitance of the precipitator (25uuf.) or a total of 38uuf., Vi 
and V, are the voltmeters, and Pp is the potentiometer. As voltmeter V, , 
a vacuum tube electrometer Model 200 made by Keithley Instruments, 
Cleveland, Ohio, was used. The grid current of this instrument on the 
scale used for measurements was above 0.lua. The voltmeter V2 was a 
Weston instrument with three scales of which the smallest 0 to 3 v. was 
used. 

The following procedure was adopted: the precipitator was filled with 
charged aerosol (charged at 1 = 120ya.) through a fish-tail taper for about 
one minute. Then the taper was removed and the precipitator was closed. 
The upper plate of the precipitator was connected to the positive pole of 
the 40 v. battery, and, at the same time, an electric timer was put in opera- 
tion. The voltage on V2, which compensated the charges accumulated on 
the condensors during 30 seconds, was read. Then 30 seconds were de- 
voted to preparing for the next measurement. It was assumed that during 
the last 15 seconds preceding and the first 15 seconds following the actual 
measurement, the rate of accumulation of charges remained unchanged; 
that is, it was assumed that only particles of the size which correspond to 
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Fig. 5. Particle size distribution determined on a mixture prepared from two 
monodisperse stearic acid aerosols, produced in separate generators, each at a rate 
of 11./min., of r = 0.30» and r = 0.60 u, and charged in the device BCI at 120 ya. 


the middle of the 60-second interval were precipitated during the 60 
seconds. Such an assumption will be unnecessary if currents instead of 
accumulated charges are measured. 

To test the method of electrostatic precipitation of charged aerosol 
particles we have mixed two aerosols produced in two generators: one of r = 
0.34 and another r = 0.6u, each of these at the rate of flow of one 1./min. 
The experimental results and calculations are given in Table I. 

Figure 4b represents Q; as a function of ¢;. We omitted the first measure- 


PARTICLE SIZE DISTRIBUTION OF AEROSOLS 87 


ment since the very high Q; was apparently caused by aggregates of par- 
ticles precipitated during the first 75 seconds. After 15 minutes, when all 
particles, even those which carry only one charge, should be precipitated, 
we could still measure some charges. This can be explained by small in- 
homogeneity of the field in the precipitator and small convection cur- 
rents in it. However, the total amount of charges accumulated after about 
10 minutes of precipitation was less than 1% of the total accumulated 
charges. This experiment was repeated three times, and the results were 
very similar to one another. 

Figure 5 shows the particle size distribution (number concentration 
versus radius) in a mixture of two monodisperse stearic acid aerosols with 
r = 0.54 and r = 0.64. The horizontal lines represent a range of radii 
over which a given experimental point was averaged. The point where the 
curve touches this line corresponds to the radius calculated for the middle 
of the given time interval. The point corresponding to particles of r = 0.2u 
comprises also all smaller particles as being charged by diffusion. 

The maxima of the size distribution curve is close (r = 0.334, 7 = 0.62y) 
to the corresponding radii of the aerosols used in the experiment, which 
were determined optically from Higher Order Tyndall Spectra. 
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PARTICLE SIZE DISTRIBUTION OF AEROSOLS 
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ABSTRACT 


materials. 


properties of the fiber surface. Some possible mechanisms are discussed. 


INTRODUCTION 


During a study of the uptake by cattle hair of colloidal D.D.T. in aqueous 

- suspension (1), it was observed that in the presence of the hair the normal 
aggregation process was greatly accelerated. A systematic examination 
showed that the phenomenon was associated in some way with the fiber 
surface, being shown in varying degrees by all fibrous materials (e.g., wool, 
hair, glass wool), and being particularly pronounced with the more hy- 
drophobic surfaces. The conclusion was reached that aggregation occurred 


ever, since the D.D.T. formulation used was a commercial one, it was clearly 
desirable to repeat the investigation, using, as far as possible, materials of a 
chemically defined nature. This paper, and that following, present the re- 
sults obtained with suspensions of pure D.D.T. alone and in the presence 
of soaps and simple salts. 

The present investigations seem likely to be of considerable technological 
importance in connection with the widespread application of organic pesti- 
cides as aqueous dispersions, and are probably also relevant to the problem 


York. 
2 Department of Physical Chemistry, University of Sydney, Sydney, N.S.W. 
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In an earlier paper (1) it was shown that the aggregation of a commercial D.D.T: 
formulation was accelerated by the addition of fibers, and that hydrophobic fiber 
surfaces were much more effective than hydrophilic ones. This investigation has now 
been repeated and extended using a simple D.D.T. suspension containing only pure 


The earlier assumption that the phenomenon is an aggregation process has been 
confirmed and the rate of aggregation has again been shown to depend on the wetting 


at the fiber surface, and some tentative mechanisms were advanced. How- 


1 Present address: Chemistry Department, Columbia University, New York, New 
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of the mechanical stability of polymer latices (2) and colloidal dispersions 
in general (3-5). 
EXPERIMENTAL 
Materials 

a. D.D.T. (1,1,1,-trichlor-2 ,2-bis(p-chlorophenyl)-ethane). The pure 
p,p’ isomer was prepared by recrystallization from alcohol of the com- 
mercially pure material (Taubmans Pty. Ltd.). 

b. Potassium Chloride (A. R. grade). 

c. Barium Chloride (BaCl2,:2H,0, A. R. grade). 

d. Lanthanum Chloride. Lanthanum chloride was prepared by dissolving 
La.O; (A. R. grade) in the calculated amount of concentrated hydrochloric 
acid and desiccating over potassium hydroxide. 

e. Sodium Dodecyl Sulfate (SDS). Pure SDS was prepared by Mr. D. K. 
O'Neill, according to the method of Dredger et al. (6) from dodecyl] alcohol 
fractionated in a spinning hand column by the C.S.I.R.O. 

f. Cetyl Trimethyl Ammonium Bromide (CTAB). The CTAB used had 
been purified by Mr. D. K. O’Neill by recrystallizing “‘Cetavlon” (I.C.I.) 
from acetone (twice) and methyl ethyl ketone (once). 

g. Triton X-100 (TX). The Triton X-100, an alkyl aryl polyether alco- 
hol, was used as supplied. The manufacturers state that the product con- 
tains 100 % active ingredient with less than 0.5 % water (Rohm and Haas). 


Fcbers 


a. Cattle Hair (Surface area 490 cm.?/gm. (1)). This was part of a large 
sample which had been carefully teased, coned, and quartered. Clean hair 
was obtained by extracting the natural hair with light petroleum (40-60°C.) 
and then with water. The grease content of the natural hair was found to — 
be about 2% by weight. 

b. Glass Wool (Surface area 790 cm.2/gm. (1)). This was cleaned in a 
dichromate-sulfuric acid mixture and then boiled in several changes of dis- 
tilled water for 4-5 hours. 

Clean glass fibers were treated with CTAB by immersion in a solution 
(ca. 5% “Cetavlon”) overnight, and the excess CTAB was removed by 
repeated washing with hot water. 

The treatment of glass fibers with a methyl-chloro-silane solution was 
carried out by courtesy of Dr. R. J. Meakins, C.S.I.R.0. 


Formulations 


a. Commercial D.D.T. Formulation. The D.D.T. concentrate was a 
sample of the commercial product (supplied by I.C.I.A.N.Z.) consisting of 
approximately 70% technical D.D.T. and 30% technical sulfated butyl 
oleate. Aqueous suspensions were prepared by melting a weighed amount 
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in a boiling water bath and then pouring into cold water with vigorous 
mechanical stirring. The concentration of the p,p’ isomer of D.D.T. was 
always about 0.5%. 

b. Pure D.D.T. Suspension. Pure p,p' D.D.T. was dissolved in alcohol 
(95%) and the hot solution added through a coarse pipet tip to boiling 
water. The suspension was boiled for a further half-hour to remove all 
traces of alcohol, allowed to cool, and filtered (No. 1 grade paper). 


Methods 


a. Measurement of Precipitation Rate. For work with the pure D.D.T. 
suspension the experimental procedure previously used for the commercial 
formulation (1) was modified considerably. 

1. The “Microid” flask shaker was replaced by an apparatus driven by 
a synchronous electric motor, which provided a steady and reproducible 
back-and-forth motion to the flasks. The frequency was 24 cycles per min- 
ute, and the amplitude at the bottom of the flasks about 3.5 cm. 

2. Sampling. A small portion of the suspension was poured through a 
sintered glass filter (No. 3 grade; maximum pore size 15—40y, according to 
B.S. 1752:1952) whenever a sample was required. An aliquot (0.4 ml.) of 
the filtrate was measured with a micrometer syringe into a volumetric 
flask (10 ml.) and diluted with alcohol. Only the one sintered glass filter was 
used within any one experimental series. 

Some difficulty was experienced at first owing to clogging of the filter 
and syringe needle, but it was overcome by using larger bore syringe needles 
and by cleaning with hot alcohol between samples. 

8. D.D.T. analysis. The D.D.T. was analyzed by measuring the absorp- 
tion at 237 my with a Cary recording spectrophotometer (7). The various 
additives used do not interfere and no absorption other than that from 
D.D.T. could be detected. The molar extinction coefficient at 237 mu was 
found to be 1.5 X 104. 

b. Adhesion to Fibers. The amount of D.D.T. adhering to fibers (expressed 
as mg./g. fiber) was determined by extraction and analysis. The D.D.T. 
suspension was shaken with the fibers and small samples of fiber were re- 
moved at selected times. The samples were immersed in two changes of 
distilled water to remove losely adhering material, and then placed in small 
extraction tubes containing a perforated disk. The fibers were dried by a 
current of air and the D.D.T. was extracted by pouring cyclohexane (spec- 
troscopically pure) slowly through the tubes into volumetric flasks, the eXx- 
tracts being analyzed as above. After drying, the weights of fibers in the 
samples were determined. 

c. Photomicrography. For photographing D.D.T. particles on fibers the 
maximum depth of field was required. A Reichert Zetapan microscope with 
11 objective, 12% Plan ocular, and Zeiss plate camera, was used. The 
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illumination was vertical dark field. The Ilford Rapid Process Pan plates 
required an exposure of 15 sec. 
RESULTS 


The influence of the various fiber surfaces on the rate of aggregation is 
shown in Figs. 1 and 2 and on the time of half-precipitation (71/2) in Table 


ie) 5 10 [SS 20 25 
Time (hrs.) 


Fig. 1. Stability of D.D.T. suspension in the presence of: (1) no additive (blank); 
(2) glass; (3) glass, silane-coated; (4) hair; (6) glass, CTAB-satd.; (6) hair and 10° M 
KCl. 


- s fe) Is 20 25 
Time (hrs.) 


Fie. 2. Stability of D D.T. suspension in the presence of: (1) no additive (blank); 
(2) hair; (3) hair, SDS-satd.; (4) glass, CTAB-satd.; (6) hair, TX-satd.; (6) hair, 
CTAB-satd. 
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I. (The ordinate scale is plotted as C /Co, i.e., the ratio of concentration at 
a particular time to the initial concentration.) The overall picture is as 
found with the commercial formulation (1), although there is less scatter 
in the experimental points and the change in the control (i.e., no added 
fibers) is much less. 

In series 9 (ig. 1) the silane-treated glass fibers floated on the surface 
of the liquid, giving poor contact with the suspension; this would probably 
account for the slow rate of aggregation observed. 

With glass fibers, different CTAB treatments were found to vary in ef- 
fectiveness, the first treatment (series 7) giving much slower aggregation 
than the second (series 9 and 10). This was probably due to a change in the 
method of removing excess CTAB, as the fibers in a third batch which was 
boiled for several hours reverted to their original hydrophilic nature. 

The possibility that, in series 9 and 10, some of the soaps adsorbed on the 
fibers had come off and affected the aggregation rate, was checked by 


TABLE I 


Effect of Various Fibers and Surface Treatments on the Rate of 
Aggregation of Pure D.D.T. Suspension 


71/2 (min.) for series number: 


Fiber Treatment 

7 8 9 10 

Blank -—— a ai > 5000 ae 
Hair Clean _ 880 945 900 
CTAB-satd. — — — 10 
TX-satd. a — — 55 
SDS-satd. — — — 700 

Natural — 940 — — 

Glass Clean 1740 > 2000 1800 — 
CTAB-satd. 1030 — 215 250 

Silane-coated¢ — — 2000 — 


« Note. Silane-coated fibers floated on the surface of the suspension. 


TABLE II 


Surface Tensions of D.D.T. Suspensions at the Conclusion of 
Aggregation Experiments 


Fiber Treatment Surface tension (dynes/cm.) 
Blank — 66.7 
Hair Clean 67.1 
CTAB-satd. 66.7 
TX-satd. 64.0 
SDS-satd. 64.6 
Glass CTAB-satd. 67.3 
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TABLE III 
Effect of Mass of Hair (w) on the Aggregation of D.D.T. Suspension (80 ml.) 


Series no. w (g.) 71/2 (min.) K* (10'/min.) K/w (108/min.g.) 
22, 23 0 % — re 
23 0.05 2440 2.9 5.7 
23 0.1 1380 5.0 5.0 
23 0.2 860 8.1 4.0 
22 0.2 915 9) 3.8 
23 0.3 750 9.3 3.1 
23 0.4 560 12.4 oak 
22 0.4 610 (?) 11.4 2.9 
11 0.5 580 12.0 2.4 
13 0.5 590 11.8 2.4 
17 0.5 600 11.6 2.3 
22 0.6 665 (?) 10.4 Wei) 
22 0.8 490 14.2 1.8 


Note: The queried values refer to curves 3 and 4 of Fig. 3. 
* Calculated from the relationship for a first-order process kK = (In 2)/r,/5 


ie) 10 20 30 40 SO 


Time (hrs) 


Fia. 3. Effect of mass of hair added on the stability of D.D.T. suspension: 
(1) no hair, (2) 0.2 g., (3) 04 ¢; (4) 06 ¢.; (6) 08 g. 


measuring the surface tension of the suspensions at the conclusion of the 
experiments. The results are in Table I. No significant lowering of surface 
tension was observed, indicating that the amount of soap removed from the 
fibers during the experiments was negligible. 

The effect of the mass of hair on the aggregation rate is shown in Table 
III and Fig. 3 and the influence of the concentration of D.D.T. suspension 
in Fig. 4. 


ve 
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o 10 20 30 40 sO 


Time (hrs) 


Fie. 4. Effect of initial concentration of D.D.T. suspension on the stability: (1) 
(2) no additive; (3)(7) 05 g. hair in 50 ml. 


TABLE IV 


Adhesion of D.D.T. to Fibers 
(a) ca. 0.1 g. fiber used; (6) 0.5 g. fiber used in conjunction with an aggregation 


‘experiment (series 9). 


Adhesion (mg.DDT/g.fiber) 


Fiber Treatment 
1 hr. 9.5 hr. 24 hr. 
(a) Hair Clean 6.1 — N22 
Glass Clean 0.3 — 0.5 
CTAB-satd. 3 _- 12.3 
Silane-coated Se _— 26.1 
(6) Hair Clean 4.0 1225 22.6 
Glass Clean 0.2 0.5 0.2 
CTAB-satd. 4.4 Pee 1.6 
Silane-coated 6.6 ish 15.8 
Hair KCl added (10-* M) 31.7 30.1 33.3 


The amounts of D.D.T. adhering to various fibers, treated and un- 
treated, are shown in Table IV. The results are given in terms of fiber weight 
rather than surface area, as the surface areas are not accurately known, 
and because the fibers were measured out by weight in the aggregation 
experiments. 

In Fig. 5 are photomicrographs of D.D.T. adhering to various fiber sur- 
faces. Before examination the fibers were rinsed twice in distilled water to 
remove loosely adhering particles. 
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Fre. 5. Photomicrographs of D.D.T particles adhering to fibers after 30 hr. im 
mersion in D.D.T. suspension: (a) hair; (6) hair with 107° M KCl; (e) glass; (d) 
silane-treated glass. 


DISscUSSION 


With the pure suspension, as in the earlier experiments with the commer- 
cial formulation, the presence of hair fibers markedly increased the rate of 
precipitation of D.D.T. (Figs. 1-2). In the ease of the commercial formula- 
tion this would conceivably have involved three processes: solidification of 
the supercooled melt, crystal growth, and aggregation, thus making diffi- 
cult any detailed analysis of the phenomenon (1). However, since precipi- 
tation by fibers is observed with both suspensions, 2 common process is 
indicated. 

Observations of the rate of crystallization of supercooled D.D.T. in bulk, 
in relation to the time scale of the present experiments, would seem to 
eliminate the first factor. 

Examination of the deposits formed in both suspensions shows that 
Whereas the D.D.T. from the commercial formulation is a mass of large 
crystals, the D.D.T. from the pure suspension consists of amorphous or 


AGGREGATION OF COLLOIDAL SUSPENSIONS. I 99 


microcrystalline particles, both in the presence and absence of fiber sur- 
faces. Thus crystal growth does not appear to be important in the pure 
suspension. 

Elimination of these two processes, solidification and crystal growth, 
would then indicate that the precipitation of D.D.T. from the pure sus- 
pension is an aggregation process and that the effect of fiber surfaces is to 
accelerate aggregation. The nature of the fiber surface clearly has a marked 
effect. Thus with the hydrophilic clean glass the rate is little faster than 
without fibers, but with the hydrophobic fibers, hair and CTAB-treated 
glass, the aggregation is greatly accelerated (Figs. 1-2). On the other hand, 
the electrokinetic (¢) potential, which might at first sight be thought to be 

important, does not seem to be so, the relevant values (all negative) being: 
clean glass—106 mv.; CTAB-treated glass—73 mv.; silane-treated glass—88 
| mv.; clean hair—81 mv. (1). 

_ An earlier paper (1) made the suggestion that the D.D.T. particles, be- 
ing hydrophobic in nature, tend to be adsorbed more strongly by hydro- 
phobic surfaces and are thus brought into a higher local concentration which 
in turn would increase the rate of aggregation. This hypothesis is supported 
by the results given in Table IV which show quite clearly that much more 
D.D.T. adheres to hydrophobic surfaces than to hydrophilic ones. 

Similar results have been obtained by Palmer and Rideal (8) from meas- 
urements of adhesion numbers by the method of von Buzagh (9, 10). They 
found that the adhesion number for hydrophobic particles on glass surfaces 
could be greatly increased by coating the glass to make it hydrophobic. 

However, the expected correlation between the rate of aggregation and 
the adhesion on fibers in the present system is not very precise, as compari- 
son of Tables I and IV will show. This may be due to the method of meas- 
uring adhesion, as such factors as the roughness of the fiber surface and the 
size of the particles could have appreciable effects. Nevertheless the ad- 
hering D.D.T. does seem to be involved in the formation of aggregates. 

Two mechanisms for the aggregation of D.D.T. particles on surfaces 
can be suggested, namely, movement of particles over the surface, and 
collisions between particles in the suspension and particles adsorbed on the 
surface. 

While measuring adhesion numbers von Buzagh (10) observed that par- 
ticles adhering to glass surfaces could still exhibit Brownian movement. 
/Examination of hair fibers in D.D.T. suspensions shows that some small 
particles very close to the fiber surface still have Brownian movement, but 
it is not possible to establish with certainty that these particles are actually 
adhering. Nevertheless it seems possible that loosely adhering D.D.T. 
particles can move over the fiber surface and form aggregates by colliding 
with other particles. In this scheme the function of the fiber surface would 
be simply to increase the local concentration of particles. 
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Alternatively, D.D.T. particles in the suspension may strike the particles 
adsorbed on the surface and form aggregates. These would grow by further 
collisions until they were large enough to be dislodged under the combined 
influence of agitation and gravity. 

Probably aggregation takes place by both mechanisms. At first, move- 
ment over the surface may be the more important, but as the surface be- 
comes covered with D.D.T. and large aggregates form the second mecha- 
nism would predominate. 

The rate of aggregation of the D.D.T. suspension varied with the amount 
of added fiber, but not in a linear fashion, the changing values of K/w in 
Table III showing that the effectiveness per unit mass decreases with the 
amount of added fiber. This can reasonably be ascribed to impeded move- 
ment of the liquid and to mutual screening of fibers as their volume, rela- 
tive to the liquid, increases. 

Owing to the complex nature of the aggregation process and the limited 
accuracy of the data a detailed kinetic analysis does not seem to be worth 
while. However, from a plot of log (—dC/dt) against log C (where C is the 
concentration of unaggregated D.D.T. at time t) it would seem that the 
aggregation on fibers approximates to first-order kinetics. 
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ABSTRACT 


The addition of soaps or simple salts changes the stability of the D.D.T. suspen- 
sion and also the rate of aggregation by fibrous surfaces. Low salt concentrations 
cause an immediate partial coagulation of the suspension, but further coagulation is 
generally very slow. The same salt concentrations produce very marked increases in 
the rate of aggregation of D.D.T. by hydrophobic fiber surfaces. This is attributed 
to decreases in the electrical repulsive forces around the fibers and the particles. 

Added soaps usually lower the stability of the suspension (without added fibers), 
the lowering being much more marked at soap concentrations above the e.m.c. This 
observation and the formation of large D.D.T. crystals suggest a process of crystal 
growth by transport of D.D.T. in the soap micelles. When fibers are also present the 
soaps are shown to be adsorbed on the fibers, rendering them more hydrophobic, and 
hence increasing the rate of aggregation of the D.D.T. by the fiber surfaces. 


INTRODUCTION 


The suspension studied in the preceding paper contained only pure 
D.D.T. and distilled water, and was prepared entirely without the aid of 
soaps. On the other hand, the commercial D.D.T. formulation used in our 
first studies (1) contained quite a high concentration of an impure soap? 
(0.32 % sulfated butyl oleate) and in normal usage is subject to the influence 
of salts in the water used. Therefore, in order to explain more fully the pre- 
cipitation phenomena observed with the commercial formulation in prac- 
tice it was necessary to investigate the effects of soaps and of simple salts 
on D.D.T. suspensions. 

The problem could be conveniently studied by making appropriate addi- 


1 Present address: Chemistry Department, Columbia University, New York, 


New York. 
2 Department of Physical Chemistry, University of Sydney, Sydney, N.S.W. 
3 The term “‘soap’”’ is here used in the wider sense suggested by Alexander and 
Johnson (2). 
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tions to a pure D.D.T. suspension and measuring the stability, by the usual 
filtering technique, in the presence and absence of added fibers. 


EXPERIMENTAL 


The materials and methods used were fully described in the preceding 
paper. 

Electrophoretic mobilities were determined by a simple U-tube ap- 
paratus, 2% sucrose being added to the suspension in order to keep the 
boundaries sharp. 

RESULTS 
1. Aggregation in the Presence of Added Salts 


In the absence of fibers the addition of small amounts of salts produced 
an immediate partial aggregation, as shown by the results in Table I. 
TABLE I 
Effects of Salts on the Stability of a Pure D.D.T. Suspension 


D.D.T. (% of initial concn.) 


Salt Concn. (M) 

0 hr. 22 hr. 

Blank — (100) 89.0 
KCl 1055 94.0 75.4 
1032 75.8 33.1 

BaCl. 10-4 89.0 73.3 
10-3 65.6 29.0 

LaCl; Ire 86.5 67.2 
LOm 48.4 5.1 


ie) 5 10 1S 20 25 


Time (hrs.) 
Fig. 1. Effect of KCl and hair on the stability of D.D.T. suspension: (1) blank; 
(2) hair; (3) 10-3 M KCl; (4) 10-? M KCl and hair; (5) 10-2 M KCl; (6) 10-2? M KCl and 
hair. (Co = initial concentration of blank.) 
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With the lower salt concentrations used the suspensions then remained 
reasonably stable. The behavior was shown to be independent of the method 
of mixing the salt and suspension. 

The addition of salts produced a marked increase in the rate of aggrega- 
tion in the presence of hair fibers, but had comparatively little effect with 
clean glass fibers. The experimental curves (Figs. 1-3) have been plotted 


e) 5 10 1S 20 25 
Time (hrs.) 
Fig. 2. Effect of BaCl: and hair on the stability of D.D.T. suspension; (1) blank; 
(2) hair; (3) 10-4 M BaCl: ; (4) 10-4 M BaCl: and hair; (6) 10°* M BaClh ; (6) 10° M 
BaCl, and hair. (Co = initial concentration of blank.) 


aO\O 


ie) =) 10 1S 20 25 


Time (hrs.) 


Fig. 3. Effect of LaCl; and hair on the stability of D.D.T. suspension: (7) blank; 
(2) hair; (3) 10-' M LaCls ; (4) 10-5 M LaCl; and hair; (5) 10-4 M LaCl;; (6) 10-* M 
LaCl; and hair. (Co = initial concentration of blank.) 
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against the initial concentration in the blank; the curves for glass fibers 
are shown in Fig. 8. Table II gives the values of 71/2 calculated on the initial 
concentrations in each flask. 

Although attempts were made to determine the particle size-frequency 
distributions before and after adding electrolytes, the results have little 
significance, as it is reasonably certain that many of the particles were too 
small or in too vigorous Brownian movement to be recorded by photo- 
micrography and counted. 

The results of the electrophoretic measurements are given in Table ITI. 


2. Aggregation in the Presence of Added Soaps 


The effect of the soap concentration on the stability of the D.D.T. 
suspension in the absence of fibers is given in Table IV and illustrated in 


TABLE II 
Effects of Added Salts and Fibers on the Aggregation of Pure D.D.T. Suspension 


71/2 (min.) for series number: 


Fiber Salt Concn. (M) 
17 18 19 20 21 
Blank as —= ce) 00 0o 00 oo 
KCl 107! 20 _— — — — 
10-2 2000 810 — —- _ 
1073 00 re) — == — 
BaCl. 1052 = — 1100 — “= 
10-4 Se — co — [ove] 
LaCl; On ae — = 320 7 
105 = = — 00 — 
Hair — — 600 250 990 920 — 
KCl 107! 10 — == = — 
10-2 25 15 = — se 
10-3 — 60 a _ Bs 
BaCl. 10-3 — =. 25 cs a 
10-4 = = 170 = = 
LaCl; Nore = —_— — 50 age 
10-8 = = = 980 (?) + 
Glass == — a = = = 1800 
BaCl, 1054 — — — = 1010 
i ee ee 
TABLE III 
Electrophoretic Measurements on Pure D.D.T. Suspension with Added Salts 
Salt Concn. (M) ta Jeevan aos 6 bp 
None — 1.76 ~22.9 
KCl 10-3 1.194 — 16 
BaCl, Oma 1.62 —21.1 
LaCl; 10-5 il by. = 1G) 


« Appreciable gassing at electrodes. 


AGGREGATION OF COLLOIDAL SUSPENSIONS. II 105 


Fig. 4 for the case of SDS. The soap concentrations are given relative to 
the critical micellar concentration (¢.m.c.). 

The addition of soaps sometimes produced a marked change in the ap- 
pearance of the D.D.T. suspension. With soap concentrations above the 


Soap Concn. (vs. c.m.c) 


Fig. 4. Effect of SDS on the stability of D.D.T. suspension: (/) 0 hr.; 
(2) 1.5 hr.; (3) 5 hr.; (4) 10 hr.; (6) 24 hr. 


TABLE IV 
Effect of Added Soaps on a D.D.T. Suspension 


71/2 (min.) for series number: 


Fiper) Soap Conca 

11 12 13 14 

Blank = = = 1800 0 00 
SDS 0.5 790 = = 485 

ADK 0.5 = 1530 = — 

2 = 870 = _— 

CTAB 0.5 ad = 270 — 

2 = = 35 — 

Hair = — 580 480 590 — 

SDS 0.5 85 ae a = 

2 10 = a = 

eDEXS 0.5 = 185 = — 

2 = 105 = == 

CTAB 0.5 — = 15 = 

2 — —= 10 — 
Glass = = = _ = 1740 
SDS 0.5 = = = 205 
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c.m.c. the suspension changed from mat white to pearly white, and schlieren 
effects could be seen on shaking. The change could be observed within an 
hour of adding the ionized soaps, SDS and CTAB, but was much slower 
with TX. At concentrations below the c.m.c. a similar but much less marked 
change could be observed after 10 to 20 hours. These effects were not found 
in the absence of soaps. 

icroscopical examination showed that in the presence of soaps the 
D.D.T. deposits were invariably crystalline, whereas without additives the 


aQ\O 


Time (hrs.) 


Fic. 5. Effect of SDS and hair on the stability of D.D.T. suspension: (1) SDS, 0.5 
c.m.c.; (2) hair; (3) hair and SDS, 0.5 c.m.c.; (4) hair and SDS, 2 e.m.c. 


Time (hrs.) 


Rb ae of TX and hair on the stability of D.D.T. suspension: (1) no additive 
ank); (2) TX, 0.5 ¢.m.c.; (3) TX, 2 ¢.m.c.; hair; (6) hai wae 
Oiiree sae (4) hair; (6) hair and TX, 0.5 ¢.m.c.; 
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Ss ie) iS 20 25 
Time (hrs.) 


Fic. 7. Effect of CTAB and hair on the stability of D.D.T. suspension: (1) no 
additive (blank); (2) hair; (3) CTAB, 0.5 c.m.c.; (4) CTAB, 2 c.m.c.; (5) hair and 
CTAB, 0.5 ¢.m.c.; (6) hair and CTAB, 2 ¢.m.c. 


O\O 


Time (hrs.) 


Fig. 8. Stability of D.D.T. suspension in the presence of: (/) no additive (blank) ; 
(2) 10-4 M BaCl; (3) glass; (4) glass, CTAB satd.; (5) glass and 10°* M BaCh; (6) 


SDS, 0.5 ¢.m.c.; (7) glass and SDS, 0.5 c.m.c. 


deposits contained no visible crystals (540 X ). The soaps appeared to modify 
the normal D.D.T. crystal habit, giving broader and flatter crystals. Such 
modification by dyes has been observed previously by a number of workers 


(e.g., 3, 4). 
The combined effects of added soaps and fibers on the rate of aggregation 


are shown in Figs. 5-8 and in Table IV. 
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DISCUSSION 


It has been shown here that the addition of salts markedly increases the 
rate of aggregation induced by hair fibers and with the series KCl, BaCl », 
and LaCl, the relative efficacy is seen from Table II to be in reasonable 
accord with the Schulze-Hardy rule. Also, the adhesion of D.D.T. particles 
to fibers was shown in the preceding paper (see Table IV) to be facilitated 
by the addition of salts. 

Thus it seems likely that the marked increase in the rate of aggregation 
observed in the presence of both fibers and salts is due to a decrease in the 
electrical repulsive forces involved, in accord with modern theories of the 
stability of hydrophobic colloids (2). 

The effect of added soaps, on the other hand, seems to be more complex. 
On general grounds based on earlier work it would be anticipated that soaps 
might influence the aggregation process in two principal ways: firstly, by 
adsorption on the surfaces of D.D.T. and fiber, and secondly, by assisting 
the crystal growth of D.D.T. through the medium of soap micelles. 

The role of soap micelles in the transport and crystallization of sparingly 
soluble solids such as D.D.T. seems well established (5). With the D.D.T. 
suspension in the absence of added fibers it might be expected therefore 
that added soaps up to the c.m.c. would increase the stability (by adsorp- 
tion) and would accelerate crystal growth only at higher concentrations. 

Leaving aside the behavior of the cationic soap at extremely low concen- 
trations (Fig. 7). which is readily explicable as due to charge reversal (the 
D.D.T. suspension being initially negatively charged), it is clear from the 
experimental data that at concentrations above the c.m.c. the D.D.T. 
particles are growing much faster than in water alone, and this can readily 
be ascribed to micellar transport. However, even at a soap concentration 
of 0.5 c.m.c. the rate is also faster. At first sight this is surprising, since at 
this concentration the monolayer of adsorbed soap should be largely com- 
plete and stabilization therefore close to its optimum. 

Two possible explanations can be advanced. The first would postulate 
the presence of a small number of micelles at concentrations below the 
c.m.c. This is not unreasonable physically, particularly in view of the exist- 
ence of dimers below the c.m.c. (6), but our attempts to show their presence 
by spectrophotometrical measurement of D.D.T. solubility have proved 
negative. The second involves surface transport of D.D.T. through the 
adsorbed soap monolayer leading to the originally amorphous particles 
becoming asymmetric needles which, being more readily filtered out by the 
experimental technique used, would show up as a reduction in colloidal 
DED ek 

When both soap and fiber are present the two processes of aggregation 
and crystal growth could occur simultaneously. There is also the possi- 
bility of interactions between the two effects: the fibers could alter the rate 
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of crystallization, or the soap could change the rate of aggregation on the 
fibers. 

From the data on the separate effects of added soaps and of fibers alone 
it is possible to calculate the behavior to be expected when both soaps and 
fibers are present together (7), a typical result being shown for SDS in Fig. 
9. From these comparisons it is clear that the interaction effects are quite 
considerable for all three soaps, the order being CTAB > SDS > TX. 
The most likely explanation seems to be that the soaps adsorb onto the hair 
fibers making them more hydrophobic—a likely possibility in view of the 
protein nature of the fibers concerned. In the case of wool fibers cationic 
soaps are generally more adsorbed than anionic soaps, while nonionic are 
only slightly adsorbed (8, 9). 

This explanation is strengthened by the results obtained using hair 
fibers which had been allowed to stand in solutions of different soaps for 
several days and the excess soap removed by thorough washing. The ag- 
gregation of D.D.T. on these treated fibers was measured (Fig. 2 of pre- 
ceding paper) and, after correction for the aggregation on untreated hair 
fibers, compared with the calculated interaction effects (7). 

With CTAB and TX all the interaction effect could be ascribed to ad- 
sorption of soaps onto the fibers. With SDS the agreement was not nearly 
as good, but this may have been due to some loss of this soap during the 
thorough rinsing process. 


Time (hrs.) 


Fig. 9. Effect of SDS, 0.5 ¢.m.c. (1) SDS; (2) hair; (3) hair and SDS; (4) combined 
primary effects; (5) interaction; (6) hair, SDS satd.; (7) effect of SDS treatment in 


(6). 
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LETTERS TO THE EpIToR 


EQUATIONS OF STATE FOR IDEAL IONIZED MONOLAYERS 


In a recent paper Haydon (1) has discussed the equations of state ap- 
plicable to ionized monolayers at an oil-water interface. He has concluded 
that in the absence of added electrolyte the equation of Phillips and 

- Rideal (2) holds, viz.,! 


(ee eee [la] 
| where Az is the electrical term, whereas in the presence of excess electrolyte 
that of Davies (3) applies, viz., 
kT 
hae <7 cay ie Ar: [2a] 
However, an examination of Haydon’s paper reveals that this conclusion 
is unjustified, and that in fact, his arguments support the validity of equa- 
tion [la] irrespective of the presence or absence of added electrolyte. 

The early part of the discussion in Haydon’s paper is devoted to a deriva- 
tion of the 2k7 form of the equation of state corresponding to Eq. [la] 

above. It is based on (a) the Gibbs adsorption isotherm; (b) the constancy 
of the chemical potential of an electrolyte in different phases at equilibrium; 
_and (c) electroneutrality in the surface phase. 

Since all these relationships are applicable in the presence or absence of 
added electrolyte, it would be inconsistent for any derived expression not 
to be similarly applicable. It would appear therefore that Eq. [la] should 
apply irrespective of electrolyte concentration. 

The derivation in Haydon’s paper of the 2k7 form is limited to the case 
of no added electrolyte, but it can be readily generalized by rewriting Eq. 


[8] of Haydon’s paper, viz., 


| 
i 


oe = Ki 8 
in its more general form 
ae noes = K’. [3a] 


1 The symbols used throughout this letter will correspond to those in Haydon’s 


paper. 
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Substituting for c°+-C°- from [3a] in the Gibbs equation [4a], i.e., 
dx = kTr;,d In C?+-Cz- [4] 


leads to [5a] 


HCC) 
aT a eee 
dr T Cs Cl 


which is identical with Eq. [10] of Haydon’s paper, and from which the 
2kT form of the equation of state follows. Such a derivation is independent 
of the presence or absence of added electrolyte. 

No details are given in Haydon’s paper as to the derivation of the 1kT 
form. The Gibbs approximation for excess electrolyte is given, and it is then 
stated that “following the reasoning outlined above [1.e., in the 2kT deri- 

KL 2s 
A — Ao 

In the light of the above remarks it is difficult to see how the 1k7' form 
could be obtained using the approximate form of the Gibbs equation when 
the complete Gibbs equation leads to the 2kT form. This suggests either 
that the Gibbs approximation is a poor one, which is not the case, or that 
the reasoning is unsound. 

It would seem, therefore, that there is no justification for Haydon’s 
conclusion that the form of the equation of state for ideal ionized mono- 
layers is dependent on the presence or absence of added electrolyte. On 
the contrary, the paper supports the applicability of the 2kT form of the 
equation of state [la] at all electrolyte concentrations. 


? [5a] 


vation] we find z = 
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BOOK REVIEW 


Progress in Stereochemistry, Volume II. Edited by W. Kuiyne and P. B. D. pg 
_LA Marg. Academic Press Inc., New York, 1958. 323 pp. Price $8.80. 
| As does the volume to which this is a sequel, this book covers a rather broad 
range of topics. For example, there are chapters entitled Crystallography 
and Stereochemistry, Stereochemistry of the Group V Elements, Steric Factors 
in Immunochemistry, and Stereochemistry of Inorganic Molecules and Complex 
_ Ions as well as such organic chemical topics as The Stereochemistry of Homolytic 
_ Processes, The Stereochemistry of Displacements at Unsaturated Centres, Steric 
_ Effects on Mesomerism, and The Study of Optically Labile Compounds. 
There is surprisingly little duplication of material in Volume I of the series or of 
that in the recently published volume, “Steric Effects in Organic Chemistry,” 
edited by M. S. Newman, John Wiley and Sons, publishers. Where there is simi- 
| larity in subject matter, the point of view in the two works is generally sufficiently 
different so that they complement each other. 
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Davip Y. Curtin, Urbana, Illinois 
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ON THE MICELLAR MOLECULAR WEIGHTS OF NORMAL PARAF- 
FIN CHAIN SALTS IN DILUTE AQUEOUS SOLUTIONS! 
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Department of Chemistry, University of Washington, Seattle, Washington 
Received November 17, 1958 


ABSTRACT 


| The micellar molecular weights of four normal paraffin chain salts in dilute aqueous 
' solution have been revised to give the values: dodecyltrimethylammonium bromide, 
| 12200; sodium decyl] sulfate, 9300; sodium dodecanesulfonate, 12300; sodium dodecyl 
| sulfate, 11500. 

| A reference model of a spherical micelle has been proposed. The MMW’s estimated 
| with its use show substantial agreement with the experimental values, except for 
| Cy salts. The MMW’s of spherical micelles of C;, salts have been predicted and veri- 
| fied experimentally. The data on alkyl pyridinium bromides indicate that the radius 
| of the sperical micelle is equal to the alkyl chain length. 


INTRODUCTION 


In 1955 (1) we reported from this Laboratory on the micellar molecular 
weights of several normal paraffin chain salts (straight chain with polar 
group in 1-position) in dilute aqueous solutions. A theory (2) was proposed 
to account in part for the structure of these micelles. The present paper 
presents a continuation of this work and its purpose is chiefly threefold: 
(a) to report revisions of some of the micellar molecular weights; (0) to 
use the theory to predict the micellar molecular weights of spherical micelles 
of these salts; and (c) to revise the theory to cover solutions of salts with 
12 carbon atoms in the chain. 

Since our previous report was presented for publication, other papers 
(3-10) have appeared dealing with closely related material. These results 
will be referred to at appropriate points in the discussion. 


Revision oF MiceLtuAR MoiecuLarR WEIGHTS 


The micellar molecular weight (hereinafter designated, MMW) deter- 
minations were made with the same apparatus and by the same general 
procedure as in the previous work (1). Only some minor modifications were 


1 This paper was presented in large part at the ‘‘Symposium on the Structure of 
Micellar Solutions” sponsored by the Division of Colloid Chemistry, 131st National 
Meeting of the American Chemical Society, Miami, Florida, April, 1957. 
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made in the calibration and handling of the apparatus. The salts were 
prepared with greater care to avoid contamination from extraneous sources 
and subjected to a larger number of recrystallizations. The chief difficulty 
was in obtaining sufficiently pure two-component systems, salt-water. The 
solutions should show inappreciable dissymmetric scattering. As is well 
known, salts with anionic chains are good detergents and have a greater 
tendency to hold small foreign particles in suspension than have the 
cationics. In the preparation of the anionics there is seemingly more op- 
portunity for side reactions to contribute impurities. Efforts must be dili- 
gently directed toward obtaining the minimum turbidity for each solution. 

Phillips and Mysels (4) have taken into account the various sources of 
error in the different steps of the measurements and estimate that the 
absolute accuracy of the MMW determination is +10%. The author’s 
experience tends to confirm this estimate. Closer agreement by workers in 
different laboratories may not be expected. Besides, there is the error due 
to the presence of extraneous turbidities in the solutions. 

Four MMW’s were determined, those most needed for the work in hand. 
The solvent was water alone and the runs were made at room temperature. 

a). Dodecyltrimethylammonium Bromide. The revised value is 12200. This 
is 21% lower than that previously reported, 15400. Debye (11) first re- 
ported 15500; this was later lowered (12) to 13400. 

b). Sodium Dodecanesulfonate. The revised value is 12300; that reported 
earlier 14700. In the preparation of the alkane sulfonates by the Strecker 
reaction (13) there appears to be a minor side reaction which yields small 
amounts of a substance which is difficult to remove satisfactorily in the 
recrystallizations. It tends to interfere with the turbidity determination at 
concentrations just above the CMC. The author has not had the oppor- 
tunity to make a check MMW determination using a salt prepared by a 
different procedure (14, 15). 

c). Sodium Dodecyl Sulfate. The turbidity determinations on solutions 
of this salt gave some widely fluctuating results. It was difficult to make 
sure that the selected turbidities were minimum values. When the solutions 
were refiltered the turbidities would occasionally increase instead of show- 
ing an expected decrease. Under the experimental conditions here employed 
some change may occur in these solutions which produces an increase in 
turbidity and hence an increase in MMW. 

Consistent values for the turbidities were obtained in the concentration 
range (1.20 to 0.46)10~ g./c.c. which gave a MMW of 11500. This happens 
to check very closely the value obtained by Kushner and Hubbard (5), 
11400, closer than the experimental error involved. 

The MMW previously reported (1) was very much greater, 20500. 
Phillips and Mysels (4) first obtained 23000. Very recently Princen and 
Mysels have reported a revised value, 18000 (10). They (16) have found 
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that the ultrafine fritted-glass filter catalyzes the normally negligible 
hydrolysis of the ester linkage. The lauryl] alcohol thus produced is solu- 
bilized in the micelles of the solution. This apparently accounts, at least in 
part, for the discrepancy in the reported values. 

d). Sodium Decyl Sulfate. The same experimental difficulties obtained 
with these solutions as with those of the dodecyl compound. Our earlier 
report gave the MMW 13000. Later work has lowered this value to 10000. 
This appears to be still somewhat high. Prins and Hermans (9) found 9300; 
this is accepted as the better value. 


A REFERENCE MODEL OF A SPHERICAL MICELLE AND ITS USE 


The author wishes to propose a procedure, albeit a comparatively simple 
one, for estimating the approximate MMW’s of uniunivalent normal 
paraffin chain salts in aqueous solution where the concentration of the 
ions (of the monomer) are essentially those required for the formation of a 
spherical micelle of the Hartley type (17). In most cases this is at or im- 
mediately above the CMC with no added electrolyte. For the estimations 
use will be made of a hypothetical reference model. 

As previously (2), we will assume that the interior of the micelle consists 
of hydrocarbon chains and that the polar head groups with counter ions 
are spaced at the surface; also that the chains are in unordered (‘‘liquid’’) 


- arrangement except for any influence which might come from the spacing 


of the polar heads. This hydrocarbon interior is comparable in density and 
arrangement to that of the corresponding liquid hydrocarbon of like chain 


length. The radius of the spherical hydrocarbon interior is equal to the maxi- 


mum length? of the hydrocarbon chain. Using this radius the volume, V, 
of this interior is obtained. From previous data (2) the volume, v, of a 
single chain is calculated; and V/v is the number of chains, , in the micelle. 
Then n times the formula weight of the monomer salt, MW, gives the MMW 
of the micelle (including the counter ions). The number of chains in the 
micelle has small variations and is here treated as being monodisperse. 

The counter ions are in a “double layer” at the hydrocarbon-solution 
interface and are considered as being ‘‘bound”’ to the micelle. The fluctuat- 
ing species for light scattering is deemed to be the micelle with its surround- 
ing counter ions. The effect of electric charge on this type of micelle has 


| been quite fully and extensively discussed (6-9, 11, 18-24) on theoretical 
grounds. Notwithstanding the able treatment which has been given, the 


findings are not sufficient to go beyond qualitative considerations. Estimates 
from light scattering (7) of the “degree of ionization” of micelles yield 


2 CHp, 1.27 A.; CH, 2.00 A. Previously, an arbitrary allowance was made for the 
fraction of the bond distance connecting the a carbon atom to the polar group. 
Subsequent work indicates that more applicable data are obtained by omitting this 


| allowance. 


TABLE I 
Data on the Micellar Molecular Weights of Normal Paraffin Chain Salts 


Deviation 
Micellar from mode 
MC Chain molec. micellar 
Solute (moles/liter) number weight molec. wt. Authors 
Cz solutes; hydrocarbon chain length, 10.9 A. 
Sodium octanesulfonate = 22.3* 4800* = a 
0.155 24 5500 +14.1  TandL} 
Octyltrimethylammonium = 22.3% 5600* — — 
bromide 0.224 23 5800 +3.8  TandH® 
Octylpyridinium bromide = 22.0" 6070* — — 
0.193 24 6400 +5.4 TandH® 
Cy solutes; hydrocarbon chain length, 12.2 A. 
Sodium nonyl sulfate = 28* 6900* — — 
0.145 31 7730 +12.0 PandH? 
Nonylirimethylammonium — 28* 7500* — — 
bromide 0.143 30 8000 +6.7 TandH® 
Ci) solutes; hydrocarbon chain length, 13.4 A. 
Sodium decanesulfonate — 34.3* 8880* — — 
0.038 40.5 9900 +11.5 TandL 
Sodium decyl] sulfate —= 34.3* 8900* — — 
0.031 36 9370 +5.3 PandH? 
0.031 42 11000 Ae 
0.031 50 13000 TandL! 
Decyltrimethylammonium = 34.3* 9600* — — 
bromide 0.070 36 10200 +6.2 D" 
0.063 44 12400 TandHé 
Ci solute; hydrocarbon chain length, 14.7 A. 
Undecylpyridinium bromide — 41* 12900 — —_ 
0.04 42 13200 +2.3  TandH® 
Cy solutes; hydrocarbon chain length, 16.0 A. 
Sodium dodecanesulfonate — 48.7* 13270* — — 
0.010 45 12300 — 7.29, yds 
0.010 54 14700 TandL! 
Sodium dodecyl] sulfate — 48.7*  14040* — — 
0.008 40 11400 —18.8 KandH® 
0.008 41 11800 AR 
0.008 62 18000 PandM 
0.008 70 20500 TandL! 
Dodecyltrimethylammonium — 49* 15100* = = 
bromide 0.0144 40 12200 —19.2 T 
0.0144 43.5 13400 DandS” 
0.0144 50 15500 pu 
0.0144 50 15500 TandL} 
0.0144 62 19200 TandH® 
Dodecylamine hydrochloride — 49* 10800* — == 


0.0131 55.5 12300 +13.9 D 
Cis solutes; hydrocarbon chain length, 18.5 A. 


Tetradecyltrimethylammo- — 66* 22100* — — 
nium bromide 0.0034 75 25300 +14.5 Dt 
0.0036 92 30800 TandH®é 
Sodium tetradecanesulfonate — 66* 19800* — _ 


0.0033 70 21400 arog? “Al 


ae ee eee 
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Deviation 
Micellar from mode 
CMC Chain molec. micellar 
Solute (moles/liter) number weight molec. wt. Authors 
Tetradecylpyridinium bro- — 66* 23400* — — 
mide 0.002 79 28100 +20.0 TandH® 
Cig solutes; hydrocarbon chain length, 21 A. 
Hexadecyltrimethylammo- — 84.7* 31000* — = 
nium bromide 0.00082 79.6 29000 —6.45 T 


[temp. 30°; An/Ac, 0.1560; H, (6.577)10-§; 
2B, (0.894)10-2] 
Hexadecylpyridinium bro- — 84.7* 32600* — 
mide 0.00034 87 33500 +2.85 T 
[temp. 40°; An/Ac, 0.1676; H, (7.569)10-5; 
2B, (1.029)10-2] 


_ comparatively small, widely varying, and uncertain values. The results 


hardly justify quantitative representation. 

The area per polar head at the surface of the hydrocarbon interior is 
approximately 66 A. Hence there is considerable hydrocarbon-solution 
interface other than that with the ionic heads. The micelle is, of course, in 
dynamic equilibrium with the solution with chains, mostly curled up, 
entering and leaving with corresponding movements of counter ions. Con- 
sequently, the interface can hardly be regarded as being uniformly smooth. 

At the CMC, we have the concentration of smaller ions at which an 


- equilibrium is established between the short-range (van der Waals) forces 


and the long-range electrical forces of repulsion. It is assumed that the 
micelles formed under this condition are spherical, thus providing the 
minimum interfacial surface for the volume. The extrapolation from the 
plot of Debye (10) equation (hereafter designated Debye plot) 


Co-3Con 


T 


gives the MMW at zero concentration of micelles. 

Using this proposed reference model micelle, computations have been 
made for the number of chains, n, and the MMW’s of the micelles for a 
number of salts with chains ranging from 8 to 16 carbon atoms. The data 
are summarized in Table I and are marked with asterisks. For comparison 
the corresponding experimental results obtained in this Laboratory and 
elsewhere (from both older and more recent work) are given including the 
CMC values. In those instances where more than one MMW is available 
for a particular salt, the data are presented in the order of increasing MMW. 
The minimum value is judged to be the most trustworthy one. The per- 
centage deviations of the minimum experimental value from the model 
values are also given. For convenient use the authors are designated by the 
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initial letters of their names (column 6); the superscript numbers are the | 
corresponding literature references. 

During the progress of this work it was noted that a correlation appears 
to exist between the results with alkylpyridinium salts and normal paraffin 
chain salts of like alkyl chain length. Consequently data on alkyl- 
pyridinium salts are included in Table I and will be discussed in a later 
part of this paper. 


DISCUSSION 


a. General Statement. The agreement between the model and the experi- 
mental values (minima) is very striking considering the possible magnitude 
of the errors in the determinations. Phillips and Mysels (4) have estimated 
that the error in the MMW determination is +10 %. This does not include 
errors due to the turbidity of impurities in the systems. The variations in 
the MMW values obtained by different workers for the same salt indicate 
that these extraneous impurities may have large influence on the findings. 
Each determination truly presents a struggle to obtain a minimum value. 

b. Salts Cs-Cy. The deviations from the model MMW’s are all positive; 
the average is +7.4%. That these deviations are positive may be due (1) 
to the fact that the model is too great an oversimplification of the structure 
of the micelle and/or (2) to the effect of impurities which make the turbidi- 
ties greater than they should be. The author believes that the latter has 
much the greater influence. 

c. Cy Salts. Except in the case of dodecylamine hydrochloride the MMW 
deviations from the model values are strongly negative. It appears that 
with these salts a relationship may obtain between the CMC and the 
length of the chain which permits the formation of a stable micelle (evi- 
denced by a linear Debye plot) having radius less than the chain length 
and area per polar head greater than 66 A.? Here the nature of the polar 
head has a greater influence comparatively on micellar size than with other 
chain lengths. The addition of a small amount of electrolyte with common 
counter ion will reduce the thickness of the ionic atmosphere sufficiently to 
allow an increase in micellar size until the radius of the hydrocarbon in- 
terior is that of spherical micelle. The data by Kushner and Hubbard (5) 
indicate that sodium dodecyl sulfate in 0.01 M NaCl as the solvent would 
have a MMW equal to that of the model. 

The experimental MMW reported for dodecylamine hydrochloride is 
quite out of line with those for the other Cy salts. It should beredetermined. 
There is the possibility, too, that hydrolysis of sufficient magnitude may 
occur to vitiate the determination and give a higher value, quite analogous 
to the results obtained with sodium dodecyl sulfate solutions (10). 

The data on the other Cy salts appear to require a modification of our 
theory to allow for this characteristic behavior. Here the MMW’s are lower 
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than the model values. How much lower they should be we are unable to 
predict. Assuming spherical micelles, the radii are less than the hydrocarbon 
chain length. 

d. Cy4 Salts. Data are available for only three salts in water alone as the 
solvent. The CMC’s are small and the MMW’s were determined using very 
dilute solutions with the likelihood of large errors; note for example the 
great variation in the values found in two laboratories for tetradecyltri- 
methylammonium bromide. The MMW for sodium tetradecanesulfonate 
has been revised downward from that previously given (1); the data are 
as yet not sufficiently complete for thorough revision. Even with these 

limitations, the deviations (minima) from the model values are not unduly 
large considering the conditions under which they were obtained. 

- @. Cig Salts. The solubility of these salts in water is too small at ordinary 
temperature to permit the formation of micelles. All available data on 
| MMW’s have been obtained with added electrolyte in sufficient concentra- 
tion to give values too large for spherical micelles (Cy. radius). 
Consequently MMW’s were determined in this Laboratory for two salts 
under satisfactory conditions, hexadecyltrimethylammonium bromide 
and hexadecylpyridinium bromide; the values are presented in Table I. 
These salts were prepared by conventional methods (25, 26) and carefully 
purified by repeated recrystallizations. It was found by trial and error 
‘that 0.003 M KBr is the lowest concentration (approximately) which is a 
satisfactory solvent for stable micelle formation at 30°C. Since these MMW 
determinations have not been reported previouly, the data on tempera- 
‘ture, refractive index increment, An/Ac, optical constant H, and slope, 2B, 
: have also been included in Table I. 

- The agreement between the experimental and the predicted (model) 
‘-MMW’s is very satisfactory, even better than could be expected con- 
isidering the errors involved. 

f. Alkyl Pyridinium Salts. It was noted that the number of chains found 
by Trap and Hermans (6, 7) for the micelle of octylpyridinitum bromide 
corresponds very closely to that found for n-octyl paraffin chain salts. 
This may be taken to indicate that here also the radius of the paraffin in- 
terior of the micelle is that of the alkyl chain length. Accordingly, calcula- 
tions have been made on this basis for some alkyl pyridinium salts; the 
data are included in Table I. 

The findings afford good support to the idea that the radii of the micelles 
are the respective chain lengths with the pyridinium group lying at the 
paraffin-solution interface. With an area of 66 A. per polar head there is 
ample space for this to occur. 

g. Criterion for Validity of MMW. No procedure is available for checking 
the validity of the MMW for a spherical micelle of a normal paraffin chain 
salt obtained by light scattering, such as the use of some colligative prop- 
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erty. The data presented above indicate that the model values, except for 
Cy, afford minima to strive for in obtaining a valid experimental value. 
With Cy. the MMW should apparently be less than the value calculated 
for the model. 
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ABSTRACT 


A theory previously developed by the author to describe the horizontal spreading 
of liquids in paper has been applied to the case of a liquid rising by capillary action 
in a vertical strip of filter paper. The phenomenon is complicated by a surface rough- 
ness effect which had to be taken into account. The theory leads to simple expressions 
for the rate of rise and the distribution of liquid which are in agreement with experi- 
ment. When gravity can be neglected, the height of rise is proportional to the square 
root of the time. When gravity is important, the height of rise is a more complex 
function of time than the simple square root dependence. In addition, the liquid 
approaches a limiting height. 


I. [INTRODUCTION 


A satisfactory theoretical treatment of the rise of a liquid in a vertical 
piece of filter paper would be useful in current attempts to understand the 
process of paper chromatography and other phenomena associated with 
the entrance of liquids into porous materials. 

The theories which have been developed (1-3) are all inadequate in one 
or more respects. In an oversimplified analysis, Peek and McLean (1) de- 
duced an expression for the rate of rise in a filter paper, but did not consider 
the distribution of the liquid. As Wood and Strain (4) have pointed out, 
the equation of Miiller and Clegg (2) for the height of rise as a function 
of time is obtained simply by integrating the differential equation of Peek 
and McLean. Miiller and Clegg did not consider liquid distribution either. 
Fujita’s (3) analysis seems to lead to an excellent description of the dis- 
tribution of the liquid. The novel mechanism and assumptions that formed 
the basis of his analysis have, however, led him to the conclusion that the 
rate of rise is directly proportional to the atmospheric pressure and is in- 
dependent of surface tension effects (see Equation 9, reference 3). This is 
very unlikely. 

During a recent study of the stains produced by nonvolatile liquid drops 
on a horizontal sheet of filter paper (5), it was found that Fujita’s analysis 
could not be modified to describe the experimental data. An alternative 
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semiempirical analysis based on the concept that liquid tends to be con- 
centrated in the smaller “‘pores” of the paper in regions where liquid concen- 
tration is below saturation level was found to lead to simple and satisfactory 
expressions for both the rate of spreading and the distribution of the liquid. 
This preference of the liquid for smaller pores is theoretically sound (6) 
and may, in fact, be observed when unsaturated paper is viewed under a 
low-power microscope. 

It is the purpose of this article to outline an extension of this new analysis 
to include the case of a liquid ascending in a filter paper. 


Il. THEORETICAL 


When a strip of filter paper of uniform width is hung so that its bottom 
dips into a liquid, as indicated in Fig. 1, the liquid distributes itself in a 
characteristic fashion. At the base, there is an obvious meniscus which is 
usually of the order of 1 to 2 mm. high. Above this meniscus, there is a 
region where the paper holds an irregular film of liquid giving it a flooded 
appearance in some places. In other places, the fibers are visible. Above the 
somewhat indefinite boundary of this ‘‘oversaturated”’ region, the paper is 
definitely unsaturated and there is a concentration gradient. 

In Fig. 1, Z denotes the length of the unsaturated region and dX is the 
height at which the paper is just saturated. Owing to the rough nature of 
the paper surface, this saturation concentration is indefinite. Whatever 
value is taken, however, there will be a corresponding suction at that point 
in the paper. If C, is taken as the saturation concentration at y = X, the 
capillary suction will be a constant at that point and may be denoted by 
po. Using this definition of py and C,, it is possible to calculate the change 
of the total height of the liquid, h, with time, ¢, and to obtain an expression | 
for the distribution of the liquid. . 


UNSATURATED 


SATURATED 
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Distribution of Liquid in the Unsaturated Region 


By combining d’Arcy’s law with the equation of continuity, it has been 
shown (7) that, when a gas-liquid mixture flows through a porous medium, 
the liquid flow should satisfy the following equation: 


aC 


Wie ; Sey oS 
(ky Vp) Le at 


[1] 
Here V, is the gradient of the pressure. The viscosity of the liquid is u 
and C is the liquid concentration measured in cubic centimeters of liquid 
per cubic centimeter of the porous medium. The permeability is called k; 
and is defined as the volume of liquid of unit viscosity passing through 
unit cross section of the medium under the action of a unit pressure gradient. 

To solve Eq. [1], it is necessary to know both k; and grad p. In the hori- 
zontal spreading studies (5), it was assumed that 


ky = ko(C/C:)%, [2] 


where ky is the permeability of saturated paper. Equation [2] was suggested 
by the permeability experiments of Wyckoff and Botset (5, 8). It was also 
assumed that V?p = 0. This assumption combined with Eas. [1] and [2] 
| led to equations which describe the behavior of liquids spreading in paper 
' both in one and two dimensions (5). The assumption that V’p = 0 was 
suggested by measurements of the suction due to unsaturated paper using 
Haines’ technique (5, 9). 
Substituting V’p = 0 and Eq. [2] in Eq. [1] 
aC _ (grad p) ko ac” 3] 
at py. C8 dy ~ 
The distribution of the liquid in the unsaturated portion of the paper should 
be given by the solution of Eq. [3], with the following boundary conditions: 


Crm Oy at =n? [4] 
Cr= 0 “at: Y= h. [5] 


Ore 0. = fae [6] 


Calculation of the Rate of Ascent 
The pressure gradient in the saturated region (y < A) is given by 


The solution is 


grad p = . — pg. [7] 
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SURFACE 
PORES 


FLOW THRU SATURATED 
REGION 


Fic. 2. Magnified cross-sectional diagram of paper showing liquid distribution in 
the vicinity of the saturated-unsaturated boundary. 


Liquid being pulled up through the paper below y = 2 does two things 
eventually. It increases the height of the saturation level and it increases 
the total amount of liquid in the unsaturated region. Equating the flow 
to the increase in these 


iY ko = adn dV ) 


where V is the volume of liquid in the unsaturated region and A is the 
cross-sectional area of the paper. 


h 
v=Af Cay =2402. [9] 
IN 


Hence, 


dn 2daL _ { Po ko 
a+3a-( mt) a ug 
Knowing the relation between \ and L, the total rate of ascent can be cal- 


culated. Experimentally, the present and previous work (3, 10) suggest 


that \ is proportional to L. The reason for this can be seen by considering 
Fige2, 


Figure 2 is an idealized side view of the paper strip showing the surface 
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irregularities and the film clinging to the paper. As surface pores are filled 
up, A increases. As the liquid is pulled into interior pores (see Eq. [9]), L 
increases. The number of surface pores and interior pores at the 
unsaturated-saturated boundary should be constant; hence 


dL dy 
ries ifs qi’ [11] 
where f is a constant. 
Combining Eqs. [10] and [11] 
pgd = 3(pg)’keo 
: es = 4 12 
prtog (1-0) + oo G+ 2)Cu bl 
, Expanding the log term 
Bee 0G ho oad ( 4 6po ko 
ee ee ay a pak ee as (13 
RAGA OAT, STL SO “REE IATC, g 
| When gravity can be neglected 
6po ko 
pe eae a eee BE [14] 
| (3 + 2f)Cou 
Ash = (1 + fir 
B= bt: [15] 
- where 
; poe 6poko(l + f)” 116] 
Cin + 27) 


Considering the surface pores to be cylindrical, an elementary calculation 
indicates that 


Boe on 0, [17] 


Tm ax. 


1 = 


where ¥ is the surface tension of the liquid. The contact angle between the 
liquid and the fibers is 6. The radius of the largest pores which must be 
filled for the paper to be considered saturated is Tmax. Therefore, 


es 12ko(1 + f)’v cos a [18] 
Cita =e 2f)u 


Where gravity can be neglected, 6 should be proportional to 


y cos 0 


. 


0 
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Ill. ExpeRIMENTAL 


The rate of rise of several liquids in vertical strips of Whatman No. 1 
filter paper of uniform width was measured using a cathetometer. Only 
liquids of very low vapor pressure were examined. There was no radical 
departure from the procedure used by previous workers (4, 10). 

In measuring the liquid distribution in the paper, the following procedure 
was adopted. The paper was first cut off at a point just above the obvious 
meniscus. Equal segments were then quickly cut off holding the paper ver- 
tically to prevent any drastic change in the distribution. The individual 
segments were then weighed to estimate the volume of liquid in them. 

In a subsidiary set of experiments the effect of changing the amount of 
paper initially inserted into the liquid reservoir was assessed. There was 
no apparent effect’ when the length dipped into the reservoir varied from 
3 mm. to 6 mm. 


IV. Comparison oF THEORY WITH EXPERIMENT 


As f = L/X Eq. [6] can be put in the form 


ee 


The liquid distribution in the unsaturated region should, therefore, be a 
function of the reduced variable y/h. Figure 3 illustrates experimental data 
for dibutyl phthalate rising in Whatman No. 1 filter paper. The full line 
was drawn from the help of Eq. [19] with f = 0.38. Apart from the obvious 


(0) 0.2 0.4 0.6 0.8 1.0 
y/h 


Fig. 3. Comparison of liquid distribution data with theory for dibutyl phthalate 
in Whatman No. 1 filter paper. 
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Fig. 4. Variation of h? with rise time in a long-term experiment (dibutyl phthalate 
in Whatman No. 1 filter paper). 
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Fic. 5. Ilustration of the linear relation between the rate of rise and the reciprocal 
of the height of rise (long-term experiment with dibutyl phthalate in Whatman No. 
1 filter paper). 
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meniscus liquid which was not measured accurately and was not taken into 
account in the theory, there is agreement between experiment and theory. 

For rise times up to 6 hours, h? was directly proportional to t for several 
organic liquids, as suggested by Eq. [15]. Furthermore, b was proportional 
to y/u. These results are in agreement with data reported previously (1, 
3, 10). They indicate that for the organic liquids tested (dibutyl phthalate, 
oleic acid, mineral oil), the contact angle with paper fibers is the same. 
In addition, the proportionality between h? and ¢ indicates that gravity 
effects were negligible. 


V. Lona-TrerM CAPILLARY RISE 


In a special experiment, the height of rise of a liquid was followed for a 
much longer period than usual. The data are plotted in Fig. 4. This figure 
indicates that h? is not proportional to ¢ after the liquid has risen sufficiently 
for gravity to become important. Using Eq. [10], it may be shown that 


dh 3k (1 +f\fmUt+f) _ | 
te (ete) h sar i 


A plot of dh/dt against 1/h was linear (see Fig. 5). 

The ratio of the slope to intercept should be po(1 + f)/pg. For dibutyl 
phthalate rising in Whatman No. 1 filter paper, therefore, po = 83pg. This 
large value of po means that Eq. [15] would be a very good approximation 
for the heights of rise encountered in the main experiments. It also means 
that the radius of the largest pores which must be filled for saturation 
(rm in Eq. [17]) is of the order of 8u. Finally, the dibutyl phthalate should 
approach a height at which po(1 + f) = pgh. This condition corresponds to 


a height of rise of 114.5 em. Calculations using Eq. [12] indicate that it | 


would take a rise time of one year and 62 days for the liquid to reach a 
height within 0.5 cm. of the limiting height. 
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ABSTRACT 


Slopes of linear log micellar solubilization-log concentration plots of three dyes 
in aqueous solutions of five types of surfactants were approximately parallel, and 
varied with the dye. No correlation of polarity of dye with the log-log slope or with 
the magnitude of micellar solubilization was found. 


INTRODUCTION 


The object of this investigation was to study the log solubilization-log 
concentration function in the micellar solubilization of various water- 
insoluble dyestuffs by different types of surfactants. Lambert and Busse 
(1) observed that log-log plots of the solubilization-concentration data 
obtained by their method were linear. Examination of the equilibrium 
solubilization data of other investigators revealed that such linearity seemed 
to be characteristic of the concentration range between 0.1 M and the 
CMC (critical micellar concentration). Straight-line log-log relationships 
can be obtained from the Orange OT solubilization data of McBain, Wilder, 
and Merrill (2) in 0.0035-0.083 M nonaethylene glycol monolaurate and 
0.0032-0.071 M hexanolamine oleate at 25°C. The data of Kolthoff and 
Johnson (3) for dimethylaminoazobenzene in 0.010-0.10 M sodium oleate 


_ at 50°C. form a linear log solubilization-log concentration plot. Linear log- 


log plots can also be prepared from the dimethylaminoazobenzene solubili- 
zation data of Kolthoff and Stricks (4) in 0.025-0.10 molal potassium 
palmitate at 50°C. and in 0.0125-0.10 molal sodium di-sec-butyl naphtha- 
lene sulfonate at 30°C. 

This report covers the effects of polarity of the solubilized dye and type 
of surfactant on the slope of the linear log solubilization-log concentration 
function of micellar solubilization. Some workers (1) have noticed that the 
slope and position of the log-log plot indicated the class (i.e., detergent, as 


distinguished from wetting agent) of the surfactant. In this study all sur- 


factants used were of the detergent class. 
131 
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MATERIALS 


Surfactants. The following surfactants, all 100% active, commercial 
preparations, were used: 


Name Symbol Molecular Weight 
isooctylphenyl nonaethylene glycol ether IOPNG 602 
t-dodecyl nonaethylene glycol thioether TDNG 598 
polyoxyethylene sorbitan monolaurate PSML 1226 
nonaethylene glycol monolaurate NGML 613 
sodium oleate, U.S.P. grade Cy;7H3;3COONa 304 


Dyes. Three related phenylazonaphthol dyes were used. They were of 
different polarity because of the number and kinds of groups attached to 
the phenyl radical. The dyes, used in the as-received condition, were: 

Orange OT—F. D. & C. Orange No. 2—1-0-tolylazo-2-naphthol. 

Flaming Red—D. & C. Red No. 36—1-(0-chloro-p-nitrophenylazo)-2- 
naphthol. 

Oil Red XO—Ext. D. & C. Red No. 14—1-xylylazo-2-naphthol. 


EXPERIMENTAL 


Micellar solubilization was determined by the method of Lambert and 
Busse (1). Changes were made in some details previously reported (5) for 
added convenience and accuracy. The solubilizations were run in a constant 


TABLE I 
Solubilization of Orange OT, Flaming Red, and Oil Red XO at 87.8°C. 
Surfactant mg. dye solubilized per 100 ml. surfactant solution 
Name Molar conc. Orange OT Flaming Red Oil Red XO 
IOPNG 0.0289 15.0 26.3 43.9 
0.0145 7.60 16.2 31.6 
0.00725 3.92 9.42 213 
NGML 0.0289 23.6 od 38.7 
0.0212 _ 32.5 = 
0.0145 12.1 24.8 23.4 
0.00725 6.57 14.8 14.3 
TDNG 0.0289 9.45 19.7 40.0 
0.0145 5.03 12.5 Pash 
0.00725 2.84 oS 18.0 
0.00686 — 7.3 — 
Sodium oleate 0.0578 15.1 — 33.6 
0.0428 ills COWS = 
0.0289 8.18 5.47 22.1 
0.0145 4.35 3.49 14.3 
PSML 0.0145 9.00 11.7 29.6 
0.00725 4.60 6.42 18.0 
0.00363 2.25 3.71 10.8 
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TABLE II 


Log Solubilization-Log Concentration Slopes 
eee ween rE EE PENA “SERS TNE Sem ed Theo kes TL TW Ig ea as 


Slope—m 
Surfactant 
Orange OT Flaming Red Oil Red XO 
IOPNG 0.970 0.742 0.523 
NGML 0.925 0.733 0.720 
TDNG 0.869 0.669 0.577 
Sodium oleate 0.900 0.665 0.617 
PSML 1.00 0.829 0.728 
Averages 0.933 0.728 0.633 


_ temperature water bath at 37.8 + 0.1°C. with an interaction period of 25 
_ minutes. Because of flocculation, Flaming Red and Oil Red XO tests were 
| subjected to a repetition of the initial agitation at 8 and 16 minutes after 
_ the beginning of the interaction. The interaction period was followed by 
filtration in dry apparatus discarding the first few milliliters of filtrate, 
cooling to room temperature, dilution of an aliquot of the filtrate to a 
suitable volume with acetone (aliquots containing sodium oleate were 
diluted with a 70:30, acetone-water mixture to prevent precipitation of 
insoluble matter), and colorimetric analysis in terms of optical density at a 
| wavelength of 425 millimicrons. 


RESULTS AND Discussion 


Solubilization of Orange OT, Flaming Red, and Oil Red XO by five 
different types of surfactants in the 0.00363-0.0578 M concentration 
range is given in Table I. The data indicate that for each dye the log-log 
lines of the five surfactants are approximately parallel. The actual values 
of the individual slopes, computed from Table I, are given in Table II. 
The computations reveal that the slopes for all five surfactants increase 
with the dye solubilized in the order of Oil Red XO, Flaming Red, and 
Orange OT. This order corresponds to decreasing solubilization by the 
surfactants. 

Dipole moments of the dyes were estimated from known group moments 
(6) giving the following values: 


Oil Red XO 1.6 Debyes 
Orange OT 2.0 Debyes 
Flaming Red 4.0 Debyes 


No correlation of polarity of dye with log-log slope or with magnitude of 
solubilization is indicated. 

Table II also gives the average log-log slope for each dye. Using the 
average slopes, solubilizations may be computed and compared with 


134 MANKOWICH 


experimental values. It is to be noted that the log-log slopes of other investi- 
gators agree with those obtained herein. Slopes of 0.996 and 1.067 may be 
calculated from the Orange OT solubilization data of McBain, Wilder, and 
Merrill (2) in solutions of nonaethylene glycol monolaurate, and hexanol- 
amineoleate. These values are in good agreement with the Orange OT 
slope of 0.933 obtained in this investigation. 
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INTRODUCTION 


| Poly-n-octyl methacrylate is among the methacrylate polymers whose 
| dynamic mechanical properties we have studied in the audio-frequency 
range, encompassing the transition from rubberlike to glasslike consist- 
-ency, in cooperation with the Feltman Research and Engineering Lab- 
oratories, Picatinny Arsenal (1). This polymer has now been investigated 
_at much lower frequencies and in creep, delineating the plateau and 
terminal zones of the relaxation and retardation spectra. An anomaly in 
the application of reduced variables appears in the plateau region; this and 
‘similar anomalies in earlier data for the n-butyl (2) and n-hexyl (3) meth- 
acrylate polymers have been analyzed in terms of an apparent dissociation 
of entanglement coupling points with increasing temperature. 


MATERIALS AND MeErHops 


The polymer was the same fraction (weight-average molecular weight 
3.62 X 10°) used previously (1). The dynamic storage modulus, G’, and 
loss tangent, tan 6, were obtained over a frequency range from 0.06 to 1.6 
eycles/sec. with the torsion pendulum of Plazek, Vrancken, and Berge (4), 
at eleven temperatures from 54.4° to 140.3°C. Torsional creep measure- 
ments were made with the same instrument at 120.3°C. A single sample, 
11 inch diameter by 542 inch thickness, was employed. 

Where possible, the absolute values of G’ and tan 6 obtained from the tor- 
sion pendulum were compared with the same quantities calculated from 
earlier transducer measurements, using well-known relations to convert the 
components of the complex compliance, J’ and J”, to G’ and tan 6. To pro- 
ide for overlapping of the frequency scales in this comparison, the data 
ere reduced for the temperature dependence of the relaxation times by the 
actors a7 taken from the earlier analysis of the transducer data (1), and 

1 Part X XIX of a series on Mechanical Properties of Substances of High Molecular 


Weight. 
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also reduced for the temperature dependence of a new factor f which will be 
explained below. The reduced values of tan 6 agreed well for the two in- 
struments, but the values of G’ measured in the torsion pendulum were 
lower by about 26%, indicating an error in the sample coefficient. Although 
there may be some uncertainty in the absolute accuracy of the sample 
coefficient in the transducer measurements, that for the torsion pendulum 
depends very critically on the radial dimension; in this case it was assumed 
that the transducer results were correct, and the torsion pendulum values 
were adjusted by an arbitrary correction factor of 1.26. 


RESULTS 


The data for G’ and tan 6 from the dynamic torsion pendulum measure- 
ments are plotted in Figs. 1 and 2 together with those from the transducer 
data at the lowest frequencies. The moduli are in the neighborhood of 
4 X 10° dynes/cm.?, whereas the loss tangent at each temperature passes 
through a minimum of about 0.16. The creep function, /(é), is plotted in 
Fig. 3. It does not extend to long enough times to ensure steady-state flow, 
but from its final slope the viscosity 7 at 120° can be estimated to be at 
least 2.7 X 107 poises and the steady-state compliance J. to be at least 
3.4 X 10-§ cm.2/dyne. 

For reduction to a standard temperature, the dynamic data were con- 
verted to the components of the complex compliance, and J’, and J”, were 
calculated in the usual manner with 7’) = 373.2°C. as in the previous work 
(1). The same ar factors were used as before, since these had been well 
established over a wide range of temperatures. The resulting composite 
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Fig. 1. Variation in the real part of the complex shear modulus with frequency 
for poly-n-octyl methacrylate at 11 temperatures; data at left from torsion pendulum 
at right from transducer. Pip right (top curve), 54.4°C.; other curves Gictexsively 
downward, 59.8°, 65.8°, 70.9°, 80.2°, 89.5°, 99.8°, 109.4°, 120.3°, 129.5°, and 140.3°. 
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Fig. 2. Variation in the loss tangent with frequency at 11 temperatures, identified 
as in Fig. 1. Data at left from torsion pendulum, at right from transducer. 
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Fig. 3. Creep of poly-n-octyl methacrylate at 120.3°C. (linear plot). 


plots showed a marked anomaly, which is represented for J”, in Fig. 4; 
the maximum in J”, shifts upward and to lower frequencies with increasing 
temperature. A very similar anomaly previously appeared in the data for 
| poly-n-butyl (2) and poly-n-hexyl methacrylate (3); closer inspection of the 
| high-frequency data for the octyl polymer (1) reveals its presence, though 
it is much more apparent in the low-frequency data which are added here. 
Before the present results are subjected to further derived calculations, 
therefore, this anomaly is subjected to closer scrutiny. 


ANALYSIS OF ENTANGLEMENT ANOMALY 


The failure of the method of reduced variables in Fig. 4 and similarly 
near the maximum in J”, for the butyl and hexyl polymers shows that tem- 
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“710 ) l 2 3 4 5 


Fic. 4. Imaginary part of the complex compliance, reduced to 100°C. using az 
factors given by WLF equation with constants specified in reference 1. Temperature 
key to pips same as in Fig. 1 (and as in reference 1). 


perature has an added effect besides the change in magnitude of the relax- 
ation times for backbone motions by the usual factor a7 (which reflects the 
temperature dependence of the local friction coefficient (5)). In this region | 
of the frequency scale, the mechanical properties are dominated by coupling 
between the motions of different macromolecules through certain widely 
spaced and only vaguely understood entanglement points. It is usually 
presumed that the maximum in the retardation spectrum, and hence in | 
J”, , 0 this region is determined by the number, distribution, and strength 
of the entanglement points. Evidently these features are being affected by | 
changes in temperature. 

If only the number of entanglements changes, leaving their strength and | 
distribution constant, it is possible to predict the effect on the dynamic 
mechanical properties. In this frequency region, the entanglements will 
undergo very little slippage (which appears rather as a rise in J” at con- 
siderably lower frequencies); in fact, the maxima in J” for entangled and 
cross-linked polymers are somewhat similar in shape (6). We can, then, use 
theoretical expressions for cross-linked polymers to deduce the effect of a 
change in the number of linkage points on the mechanical dispersion. 

In the theories of Blizard (7) and Bueche (8), the complex compliance 
for a cross-linked network is proportional to (1/n,)F(iwZ2), where n, is 
the number of network strands (proportional to the number of linkage 
points), » the circular frequency, and Z, the number of monomer units 
per strand. The function F is continuous in Blizard’s theory; in Bueche’s, 
it is a series, but Gross and Fuoss have shown that the formulations are 
equivalent (9). If n, is increased by a factor f (e.g., by lowering the tem- 
perature with a shift of some kind of association equilibrium), Z, will be 
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decreased on the average by the same factor. Even if there is a distribution 
of strand lengths, each contribution will be affected in the same way if the 
form of the distribution remains constant. It follows, then, that with a 
temperature change from T to 7’) the compliance will be altered over and 
above the usual effect of the factor a7 so that J*(w) becomes 


(1/f)Jp*(war/f?). 
Thus doubly logarithmic plots of J’, or J”, against waz , for which the or- 
dinary temperature reduction has been applied, will shift to lower magni- 
tudes and higher frequencies with decreasing temperature, along a direction 
with a slope of —14. This isin fact what is observed in Fig. 4 and similar 
plots of J”, for the butyl and hexyl polymers (2, 3). The shift is most no- 
ticeable where J”, has a positive slope, and is less apparent in J’, , where 
the slope is ae negative. Its effect disappears at higher frequencies 
where both J”, and J’, have approximately the same slope as the shift 
itself, viz., —16 as Drcsenibed by the Rouse (10) and Bueche theories. In- 
deed, at high frequencies where the cooperative motions are of a short- 
range character and oblivious of the distance between widely spaced linkage 
points, the dependence of J* on n, must vanish. 
_ Values of A log f between adjacent temperatures can be obtained by 
measuring separations on plots such as Fig. 4 in a direction of a slope of 
'—1¢ (in this figure, 45° because of the difference in scales) and applying 
appropriate geometry. The curves are rather closely parallel with respect 
to this direction. After choosing 100°C. as the reference, log f can then be 
calculated for each temperature. 
_Application of this procedure to Fig. 4 provided values of log f which 
gave a good linear plot against 1/7 with a slope corresponding to a heat of 
1.6 kcal./mole. This could be formally interpreted as an apparent heat of 
issociation, but the mechanism of the phenomenon need not be specified. 
The same treatment of the data for the butyl and hexyl polymers provided 
linear plots of log f against 1/7’ with an apparent heat of dissociation of 
.27 keal./mole for both polymers. 
A full reduction of J’ and J” for both friction coefficient and entangle- 
ent spacing can now be accomplished by plotting (logarithmically) J’,f 
and J” ,f against war/f?. The resulting composite curves are shown for the 
etyl polymer in Figs. 5 and 6 and for the butyl and hexyl polymers (trans- 
ucer data only) in Fig. 7. Irrespective of the detailed interpretation of this 
reatment, it gives a quite satisfactory resolution of the anomaly. 


DISTRIBUTION FUNCTIONS 


The retardation spectrum L was calculated from J’ and J”, using the 
educed data of Figs. 5-7; from the corresponding components of the com- 
jlex shear modulus, the relaxation spectrum H was calculated. For the 
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Fre. 5. Real part of the complex compliance reduced to 100°C. for temperature 
dependence of both ar and f. Temperature key to pips same as in Fig. 1. 
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Fic. 6. Imaginary part of the complex compliance reduced to 100° 
for temperature dependence of both a7 and f. 


butyl and hexyl polymers, and for the octyl in the corresponding disper- 
sion range, the usual approximation formulas of Williams and Ferry were 
employed (11), and the agreement between values derived from the real 
and imaginary components of J* or G* was as usual reasonably good. In 
the dispersion region of the octyl polymer where J” and G” pass through 
minima with rather strong curvature, however, the Williams-Ferry formu- 
las failed to give agreement for the two components, as anticipated in their 
original presentation (12). Accordingly, in this region, different formulas 
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Fie. 7. Real and imaginary parts of the complex compliance for poly-n-butyl 
methacrylate (B) and poly-n-hexyl methacrylate (H) reduced to 100°C. for tempera- 
ture dependence of both ar and f. 


taking into account higher derivatives were employed. The spectra were 
obtained from the real components by an approximation of Schwarzl and 
Staverman (13): 


H(1/w) = dG’/dnw — (14)4°G’ /dinw (1] 
L(/w) = —dJ'/dinw + (%4)dJ’/dine’ [2] 


and from the imaginary components by an approximation of Fujita (14), 
expressed here in a form convenient for numerical calculations: 


H = (2/4n)Q” {1 — (din@”/dinw? — d’InG” /dnw*} ; [3] 
L = (2/4n)J” (1 — (dinJ”/dinw)? — @inJ” /dinw}. [4] 


n most cases reasonably good agreement was then obtained for the cal- 
ulations from the two components. 

To obtain L from the creep measurements, it was necessary to employ an 
pproximation in terms of the total compliance J(t) = Jt) + t/n; the 
nstantaneous compliance J, could of course be neglected, but the magni- 


I 
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TABLE I 


Retardation and Relaxation Spectra of Poly-n-Octyl Methacrylate Reduced to 100° C. 
Including Reduction for Change in Entanglement Density 


Log Lyp(cm.2/dyne) Log Hp(dynes/cm.®) 
Log rp(sec.) 
From J’ From J” From G’ From G”’ 

—5.0 —7.23 —7.13 6.08 = 

—4.5 —6.87 —6.83 5.79 = 

—4.0 —6.60 —6.55 D202 5.56 

—3.5 —6.39 —6.38 GS Al! 5.30 

—3.0 —6.37 —6.34 4.92 5.01 

—2.5 —6.49 —6.38 4.62 4.78 

—2.0 —6.63 —6.57 4.51 4.58 

—1.5 —6.74 —6.81 4.45 4.37 

—1.0 —6.75 —6.84 4.41 4.33 

—0.5 —6.72 —6.63 4.46 4.49 

0 == —6.28 4.51 4.62 

0.5 — —6.11 4.66 4.70 
Log 7p (sec.) 0.7 hg Ne Dae, vA Tf Bow 
Log L, from J (t) —6.16 —5.87 —5.70 —5.43 —5.17 —4.85 
Log tp (sec.) 1.0 1.5 2.0 2.5 3.0 3.5 
Log H, from G(t) 4.79 4.58 4.35 4.09 Balle 3.39 

TABLE II 


Retardation and Relaxation Spectra of Poly-n-Butyl Methacrylate Reduced to 100°C. 
Including Reduction for Change in Entanglement Density 


Log Lp(cm.2/dyne) Log Hp (dynes/cm.2) 
Log 7p(sec.) 
From J’ From J” From G’ From G” 
—4.0 —8.33 —8.33 7.18 7.23 
—3.5 —8.06 —7.96 6.79 6.80 
—3.0 —7.55 —7.60 6.50 6.51 
—2.5 —7.21 —7.29 6.20 6.18 
—2.0 —7.09 —7.01 5.95 5.91 
—1.5 —7.04 —7.12 5.65 5.61 
—1.0 —7.15 —7.09 5.42 5.40 


tude of the ¢/n term was large and undetermined. The second approxima- 
tion of Schwarzl and Staverman (13) 


L(t/2) = dJ p/dint — @J /dint 
can for this purpose be expressed in the form 
L(t/2) = (d/dint) [J(t) — dJ(t)/dint] [5] 


since the flow terms in J(t) and its derivative cancel. Calculations made by 
Kiq. [5], after reduction to 100°C. for the temperature dependence of both 
ar and f, were confirmed by converting J(¢) to G(é) with an approximation 
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TABLE III 


Retardation and Relaxation Spectra of Poly-n-Hezyl Methacrylate Reduced to 100° C. 


Including Reduction for Change in Entanglement Density 
Ge ara ne 


Log Lyp(cm.2/dyne) Log Hp (dynes/cm.*) 
Log rp(sec.) 
From J’ From J” From G’ From G” 
—4.5 —7.30 —7.31 6.31 6.26 
—4.0 —7.00 —7.05 5.99 6.01 
—3.5 —6.78 —6.77 5.69 5.74 
—3.0 —6.64 —6.70 5.43 5.47 
—2.5 —6.86 —6.72 Daly 5.21 
—2.0 —7.02 —6.95 = 4.97 
—1.5 —7.08 —7.11 = 4.83 


36 -4 -2 fo) 2 4 
LOG t REDUCED TO 100°C 


Fic. 8. Relaxation spectrum (H) and retardation spectrum (L) for poly-n-octyl 
methacrylate reduced to 100°C. for temperature dependence of both a7 and f. Points 
top black, from G or J’; bottom black, from G” or J”; crossed, from creep. 


quoted by Smith (15), obtaining H from G(t) by the Ferry-Williams ap- 
proximation (12), and finally showing that the relation of Gross and Pel- 
zer (16) connecting H and L, as approximated by Smith (15), was satis- 
fied. 

The calculated spectra are given in Table I-III for the three polymers. 
hose for the octyl are plotted in Fig. 8; the others, which differ only slightly 
rom the values previously reported (2, 3), will be compared in a subsequent 
aper (17) with the spectra of all the methacrylate series through the 
-dodecyl polymer. Figure 8 provides a detailed delineation of the plateau 
one; both spectra pass through a well-defined minimum at almost the same 
oint on the time scale. A similar coincidence in the location of minima for 
and L has been noted in some other polymer systems (6). 
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DISCUSSION 
Temperature-Dependent Entanglement Anomaly 


If the heats calculated from the temperature dependence of f are inter- 
preted as heats of dissociation, it is implied that an equilibrium exists 
between entanglement points and potential entanglement sites, with the 
concentration of the latter in excess and essentially constant. The concept 
of entanglements is at present too vague, however,, to take this picture 
literally. The values of 1.6 and 2.3 kcal. would certainly represent very 
mild interaction. A similar reduction anomaly near the maximum of J” 
has appeared in a series of concentrated solutions of poly-n-butyl methacry- 
late (18), and it can be successfully treated in the same manner. The promi- 
nence of this phenomenon in methacrylate polymers may conceivably be 
related to the presence of short isotactic segments (19), although the poly- 
mers used in our investigations were not prepared at low temperatures 
(20). The linkage points are certainly not crystallites such as present in 
polymeric gels, since the latter do not undergo steady flow and have quite 
different mechanical properties at long times (6). 


Time Dependence of the Plateau Zone 


From the minimal estimate of the viscosity, which reduced to 100°C, 
(including the temperature dependence of f) is 1.0 X 108 poises, one would 
calculate from the Rouse theory (21) that the terminal relaxation time is 
at least 104 sec. Although the experiments do not extend that far, the width 
of the plateau can be estimated from the separation between the two re- 
gions of slope 14 (for ZL) and —4 (for H) on the doubly logarithmic plot 
in Fig. 8 (21). This is 3.85 and 3.75 decades, respectively, for the two spec- 
tra. If the average is equated (22) to 2.4 log (M.,/2M.), where M, is the 
average molecular weight between entanglement points, we obtain for the 
latter 4.8 X 10‘, corresponding to a degree of polymerization of 240. A rough 
confirmation can be obtained from the pseudo-equilibrium shear modulus 
in the plateau region, where G’ = 5 X 10° dynes/cm.’, and the equation of 
equilibrium rubberlike elasticity, from which the degree of polymerization 
between junction points is calculated to be 300. These values are smaller 
than the estimates for nonpolar polymers (23), but larger than that for 
polymethyl methacrylate deduced by Bueche from viscosity measurements 


in concentrated solutions (24). Further interpretation must await additional 
information. 
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SUMMARY 


The storage modulus and loss tangent have been measured between 0.06 
and 1.6 cycles/sec. in the temperature range from 54° to 140°C. for a frac- 
tionated poly-n-octyl methacrylate with molecular weight 3.62 x 10°. 
Creep was measured at 120°C. over a time interval up to 2000 sec. The 
usual method of reduced variables, using a7 factors determined in an earlier 
study at higher frequencies, failed to give single composite curves for data 
at different temperatures; the residual anomaly appears most clearly in the 
loss compliance, the maximum of which shifts upward and to lower fre- 
quencies with increasing frequency, as previously observed in the n-butyl 
and n-hexyl methacrylate polymers. The data for all three polymers in this 
can be brought into coincidence, however, by an additional reduc- 
tion which is formally equivalent to assuming a dissociation of entangle- 
ment points with increasing temperature. The apparent heat of dissocia- 
tion is 2.3 keal./mole for the butyl and hexyl polymers and 1.6 for the 
octyl. In the plateau zone of the time scale, both the retardation and the 
relaxation spectra of poly-n-octyl methacrylate pass through minima at 
about the same point; the sharpness of curvature makes it necessary to 


pee higher approximations than usual to calculate the spectra. From the 
width of the plateau zone, the average degree of polymerization between 
entanglement points at 100°C. is estimated to be 240. 
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INTRODUCTION 


A series of methacrylate polymers with ester groups of varying length has 
_ been investigated in this laboratory in cooperation with the Feltman Re- 
search and Engineering Laboratories, Picatinny Arsenal. The time-de- 
_ pendent mechanical properties of the ethyl (1), butyl (2), hexyl (3), and 
_ octyl (4, 5) polymers have been reported previously. We now present data 
_ for poly-n-dodecyl methacrylate, in which the side groups are so long that 
_ they comprise by far the major part of the molecular volume. By combining 
- measurements of dynamic mechanical properties and creep, a wide range of 
time scale is achieved. 


MATERIALS AND Metruop 


The synthesis and fractionation of the polymer were carried out at 
Picatinny Arsenal (6), and the weight-average molecular weight was de- 
termined there to be 0.95 X 10°. Although it had been dried from frozen 
benzene solution, there was a faint odor of solvent which was removed by 
heating zn vacuo (spread in a thin film) at 60°C. for 36 hours. 

Because of the extreme stickiness of this soft polymer, special methods for 
molding and handling were necessary. A portion of polymer was heated at 
60°C. in vacuo in a miniature stainless steel scoop until the air bubbles 
introduced during its transfer had been removed; then, while maintaining 
vacuum, it was allowed to flow directly into the mold—a process requiring 
about 8 hours. The mold was pressed for several hours at 45°C., and then 
cooled by Dry Ice in a dry box and opened. The samples were removed, 
adhering to aluminum foil liners, and allowed to warm to room temperature 
for weighing. It was necessary to cool again with Dry Ice to remove the 
aluminum foil after each sample had been mounted with one face adhering 


1 Part XXX of a series on Mechanical Properties of Substances of High Molecular 
‘Weight. 
2 Present address: Institute of Paper Chemistry, Appleton, Wisconsin. 
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Fig. 1. Variation of the real part of the dynamic shear compliance, J’ (left) and 
the imaginary part, J” (right) for poly-n-dodecyl methacrylate at 19 temperatures; 
numbers correspond to the sequence (with 45° successive clockwise rotations of 
pips) —40.4°, —35.0°, —30.0°, —27.8°, —23.8°, —19.7°, —14.6°, —9.6°, —5.4°, —0:3%; 
5.1°, 10.9°, 14.8°, 20.6°, 25.2°, 30.0°, 34.7°, 39.7°, and 45.3°C. 


in the apparatus. For calculating sample coefficients, the density and 
thermal expansion coefficient of the polymer were taken from the data of 
Rogers and Mandelkern (7). 

Measurements of the complex shear compliance (J* = J’ — 2J”) were 
made between 24 and 3600 cycles/sec. with the Fitzgerald Apparatus (8). 
Three pairs of samples were used, detailed descriptions of which follow. 


Samples 108, approximate dimensions 114g in. diameter by 345 in. © 


thickness, had a sample coefficient of 18.3 em. at 25°C. Measurements were 
made at approximately 0°, —10°, —15°, —20°, —5°, 5°, —25°, —30°, 
— 35°, —28°, —32°, —12°, 10°, 15°, and 20°C., followed by a check run at 
5° which agreed well with the first at this temperature. (The exact tempera- 
tures are given in the legend of Fig. 1.) 

Samples 109, approximate dimensions 11¥¢ in. by 12 in., had a sample 
coefficient of 66.4 cm. Measurements were made at 25°, 15°, 20°, and then 
at 5° intervals up to 45° with periodic check runs at 25° to insure against sag 
of this very soft material. At overlapping temperatures, the values of J’ 
and J” agreed well with those of Samples 108. 

Samples 111, approximate dimensions 5/¢ in. by 1¥ in., had a nominal 
sample coefficient of 4.23 em. Measurements were made at approximately 
5° intervals from —20° down to —40° and then from —20° up to 0°, 
followed by — 25°. The check runs at —20° and —25° agreed well with the 
initial results. At temperatures of reliable overlapping data with Samples 
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pendulum, temperatures successively from bottom curve —30.1°, —19.7°, —0.3° (at 
2 different stresses), 20.6°, and 39.7°; filled circles, measured by parallel plate shear 
apparatus at —0.4°C. 


a the values of J’ and J” from the latter were lower by 8% to 17%. 
This is the direction to be expected for an error in sample coefficient due 
to bulging of the thicker Samples 111, and the data from these were multi- 
plied by an empirical correction factor of 0.88 to bring them to approximate 
agreement with those of Samples 108. This correction is not as satisfactory 
as usual, but the data at the lowest temperatures are complicated by 
crystallization in any case (as described below) and are not used for de- 
duction of viscoelastic functions. 

Measurements of shear creep were made in torsion with the torsion 
pendulum of Plazek, Vrancken, and Berge (9) at approximately — 30°, 
— 20°, 0°, 20°, and 30°C., followed by a check run at 0° with good agree- 
nent; and in simple shear with a parallel plate apparatus described else- 
where (10) at 0°. The exact temperatures are given in the legend of Fig. 2. 
At 0°, torsion pendulum measurements were made at two torques differing 
y a factor of 6, with results in excellent agreement. The parallel plate 
hear data at this temperature involved a stress approximately equivalent 
o the mean stress in the lower torque experiment in the torsion pendulum; 
he calculated values of the compliance were somewhat higher than those 
btained from the torsion pendulum, but by the same factor throughout, 
dicating an uncertainty in the sample coefficient of one or both experi- 
aents. 


| Fig. 2. Creep of poly-n-dodecyl methacrylate. Open circles, measured by torsion 
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To compare the absolute magnitudes of the creep and dynamic measure- 
ments, the latter were converted to the creep compliance J(¢) by an ap- 
proximate relation of Ninomiya and Ferry (11) and reduced to a reference 
temperature by shift factors (to be described below) to provide an over- 
lapping time scale. The torsion pendulum values were about 29% higher 
than those from dynamic measurements. In view of the extreme difficulty 
in handling the polymer, some sample distortion is possible and the ab- 
solute values remain in some doubt. Since the torsion pendulum sample 
coefficient is more critically dependent on sample shape, the Fitzgerald 
Apparatus data were assumed to be correct and the creep data were multi- 
plied by an empirical correction factor of 0.775. 

Since the creep experiments did not extend to long enough times to be 
sure that steady-state flow had been achieved, no attempt was made to 
calculate viscosity or steady-state compliance. 


RESULTS 


The data for J’ and J”, measured at 19 temperatures from —40° to 
45°, are shown plotted logarithmically in Fig. 1. Where data on different 
samples were taken at the same frequencies and temperatures, the values 
have been averaged (for Samples 111, after the empirical correction). 
The creep data for /(¢) at 5 temperatures are shown plotted logarithmically 
in Fig. 2. 

For reduction to a standard temperature, 25°C. was chosen since the 
measurements did not extend to 100°, the choice made in previous studies of 
this series (1-5). Using the usual method, J’», J”», and J,(t) were cal- 
culated from the thermal expansion coefficient. Logarithmic plots of the 
reduced functions could be superposed quite well by the usual arbitrary 
shift factors ar except at the lowest temperatures. (In estimating az, 
the creep data were used before applying the empirical correction, which of 
course does not affect this treatment.) The empirical a7 values fitted an 
equation of the WLF form (12): 


log ar = —a(T — T)/(ex’ + T — T), [1] 


with c’ = 8.52 and c:’ = 139.2 for T> = 298.2°K. Values of ar calculated 
from this equation were actually used for the final logarithmic plots against 
reduced frequency (war) and reduced time (¢/ar) shown in Figs. 3-5. The 
superposition with reduced variables is quite good except for an anomaly at 
low temperatures which will be discussed below. 

Independently of the glass transition temperature 7',, the parameter 
ay (interpreted as the thermal expansion coefficient of free volume relative 
to total volume) can be calculated (13) as 1/2.303 ec’, or 3.7 < 107 
deg *. This is a reasonable value, though somewhat larger than those of 
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Fig. 4. Imaginary part of the complex compliance, J”, reduced and plotted as 
o Fig. 3. 
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Fic. 5. Creep function reduced and plotted as in Fig. 3; temperature key by pips 
same as in Fig. 2. 


other methacrylate polymers. For the parameter f, (interpreted as the 
relative free volume at 7',), knowledge of 7, is necessary. Rogers and 
Mandelkern (7) report —65°, though the break in the volume-temperature © 
curve is not very sharp; this gives f, = 0.018, which is unusually small. 
Alternatively, if f, were the usual value of 0.025 found for other meth- 
acrylates as well as other polymers, 7’, would be —46°. 


DISCUSSION 
Low-Temperature Reduction Anomaly 


At the lowest temperatures, J’,, J”,, and J,(é) fall progressively below 
their reduced curves. This deviation contrasts with the anomaly in poly- 
ethyl methacrylate (1), interpreted as a 6-mechanism, in which the re- 
duced compliance rises progressively with decreasing temperature. The 
behavior seen in Figs. 3-5 would be expected if the structure is altered at 
low temperatures by the onset of cross-linking through crystallization; in 
fact, a somewhat similar anomaly was seen in gels of cellulose tributyrate 
(14), where the chain backbones presumably enter crystallites. In the 
present case, no doubt the ester side groups crystallize. Evidence for 
crystallization at —34°C. has been reported by Greenberg and Alfrey from 
dilatometric measurements (15), although Rogers and Mandelkern (7a 
did not detect it. The anomaly in mechanical properties, which begins at 


— 28°, is probably a more sensitive indication of crystallization than 
dilatometry. 
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Distribution Functions 


The retardation spectrum, L, was calculated by the second approximation 
formulas of Williams and Ferry (16) from the data of Figs. 3 and 4; and 
from the data of Fig. 5 by the modified Schwarzl-Staverman approxima- 
tion, Eq. [5] of reference (5), which permits calculation from the creep 
compliance without knowledge of the steady-flow viscosity. The complex 
compliance data were converted to the real and imaginary components of 
the complex modulus, G’ and G”, by the usual reciprocal relation; also, the 
creep compliance was converted to the relaxation modulus G(t) by an ap- 
_ proximation quoted by Smith (17): 


G(t) = sin mr/mrJ (t), [2] 


where m = d log J(t)/d log t. Finally, the relaxation spectrum H was cal- 
culated from G’, G”, and G(t) by the Williams-Ferry approximations (16, 
18). Both spectra are given in Tables I and II; the agreement between 
values from the real and imaginary dynamic data, and between dynamic 
and creep data where they overlap, is quite good. 

The retardation spectrum is plotted in Fig. 6, together with those of the 
- other polymers of the series; for the latter, individual points represent re- 
_ vised values recalculated since the original publications, after reduction for 


TABLE I 
Retardation and Relaxation Spectra Reduced to 25°C. from Dynamic Data 


nee? From Wee LO ere Jt. From Cf ps Te G” 
(sec.) 

—9.5 —10.07 

—9.0- —9.98 

—8.5 —9.89 

—8.0 —9.78 —9.71 8.23 8.38 
—7.5 —9.70 —9.58 8.26 8.27 
—7.0 —9.53 —9.44 8.20 8.25 
—6.5 —9.34 —9.27 8.16 8.20 
—6.0 —9.09 —8.92 8.01 8.08 
—5.5 —8.89 —8.81 7.81 7.84 
—5.0 —8.62 —8.51 7.49 7.53 
—4.5 —8.31 —8.25 7.13 7.24 
—4.0 —7.96 —7.90 6.72 6.83 
—3.5 —7.58 —7.50 6.38 6.43 
—3.0 —7.22 —7.15 6.05 6.17 
—2.5 —6.90 —6.86 5.78 5.87 
—2.0 —6.61 —6.54 5.55 5.62 
—1.5 —6.31 —6.34 5.32 5.34 
—1.0 —6.14 —6.25 5.11 5.08 
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TABLE II 
Retardation and Relaxation Spectra Reduced to 25°C. from Creep Data 
Log tp Log Lp Log 7p Log H, 
(sec.) (cm.2/dyne) (sec.) (dynes/cm.*) 
—2.8 —6.90 —2.5 5.75 
—2.3 —6.66 —2.0 5.47 
—1.8 —6.43 —1.5 5,22 
—1.3 —6.20 —1.0 4.98 
—0.8 —6.10 —0.5 4.83 
—0.3 —5.98 0.0 4.77 
0.2 —5.89 0.5 4.64 
0.7 —5.74 1.0 4.51 
12 —5.51 1.5 4.29 
oe —5.34 2.0 4.03 
222 —5.11 2.5 3.55 
2.7 —4.72 3.0 3.00 
Bee —4.39 3.5 2.44 


ale; 
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LOG t REDUCED TO 100°C 
Fia. 6. Retardation spectrum of poly-n-dodecyl methacrylate (L), compared 
with those for the octyl (0), hexyl (H), butyl (B), and ethyl (EZ) polymers. Points 
plotted for H and B refer to revised calculations reduced for the temperature de- 
pendence of the density of entanglement points, as described in reference (5). Top 
black, from J’; bottom black, from J”; crossed, from creep. 
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Fic. 7. Relaxation spectra of the five methacrylate polymers; identification of 
points same as in Fig. 6. 


the entanglement anomaly as described in reference (5). Here for com- 
parison with the other spectra L has been shifted from 25° to 100° by the 


- Gr calculated from Eq. [1], viz., —2.98. This represents an extrapolation 


from the highest temperature of measurement (45°) which is reasonably 
dependable. The dodecyl spectrum shows no inaximum nor minimum, but 
there is a point of inflection representing a slight entanglement effect. The 
relaxation spectra for all the polymers are similarly plotted in Fig. 7. Here 
again the dodecyl polymer shows only the suggestion of a short plateau, 
without the sharp minimum and maximum which characterize the octyl 
polymer. The maximum in H at short times is lower (log H = 8.35) than 
for the other members of the series, continuing the progressive decrease 
with increasing side group length. 


Spacing between Entanglements 


The inflection points in H and L lie between two regions with the theo- 
retical slope of —34 and 14, respectively, separated by 1.1 units on the 
logarithmic time scale. Taking this as the width of the rudimentary plateau 
region, and equating it (19) to 2.4 log (M,,/2M.), where M, is the average 
molecular weight between entanglements, the latter is calculated to be 
1.6 X 10°, corresponding to a degree of polymerization of 650. The coupling 


156 KURATH, YIN, BERGE AND FERRY 


points appear therefore to be much more widely spaced than in the octyl 
polymer, where the average separation is a degree of polymerization of 240. 

The absence of a detectable temperature-dependent entanglement 
anomaly in the application of reduced variables, such as found in the butyl, 
hexyl, and octyl polymers (5), is understandable from the narrowness of 
the plateau region and the attendant shape of the retardation spectrum; 
L does not pass through a region of negative slope (corresponding to a 
positive slope for J”) where the anomaly which has been attributed to an 
apparent dissociation of coupling points makes its most prominent ap- 
pearance. Thus, it is impossible to determine whether this phenomenon 
occurs in poly-n-dodecyl methacrylate without studying a sample of much 
higher molecular weight. 


Monomeric Friction Coefficient 


By fitting the relaxation spectrum to the left of the plateau inflection 
point to the theoretical slope of — 14, the monomeric friction coefficient can 
be calculated. For this purpose, the root-mean-square end-to-end distance 
per square root of the number of monomer units, a, was taken as 8.75 A. 
(6). At 100°C., log f = —6.57 (units dynes-sec./cm.), continuing the 
progressive decrease with increasing side chain length. 


Relation of Friction Coefficient to Free Volume 


In a previous communication (4), the dependence of friction coefficient 
on side group length for the methacrylate series was related to the relative 
free volume at the reference temperature, 100°C., by postulating 


Alog af) = (1/2.303)(1/fi — 1/fs), [3] 


where A refers to the difference between the values for a given polymer 7 and 
another chosen as a reference for comparison—in this case the butyl; f; and 
fs are the relative free volumes in the two polymers. This equation, anal- 
ogous to a similar one for the temperature dependence of af (12, 20), was 
tested by comparing f; calculated from Eq. [3] with that calculated from the 
data of Rogers and Mandelkern (7) using their conclusion that 15% of 
the added specific volume associated with side chain length can be at- 
tributed to free volume. The comparison must now be revised slightly 
because of the new analysis of data for the butyl, hexyl, and octyl polymers 
taking into account the temperature-dependent entanglement anomaly. 
The revised figures, to which those for the dodecyl polymer have now been 
added, are given in Table III, and show again moderately good agreement. 

Fujita and Kishimoto (21) have since given a more general treatment of 
the dependence of ¢) on free volume, which starts also from Kq. [8] but 
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TABLE III 
Relation of & to Free Volume 

Polymer Ethyl n-Butyl n-Hexyl n-Octyl |n-Dodecyl 
Log £ at 100°C. —0.21 —3.44 —5.25 | —5.93 —6.57 
f at 100° from data of Ref. (6) 0.033 0.042 0.047; 0.050 0.055 
f at 100° from Eq. [3] 0.033 (0.042) 0.050) 0.055 0.058 
Log af at 62°C. —8.19 |—15.03 |—17.60 |—18.71 |—19.45 
AT, (from ethyl) 0 35 67 82 108 


employs specific volume data directly so that the 15% apportionment of 
Rogers and Mandelkern is unnecessary. When a given polymer 7 of the 
methacrylate series is compared with a reference polymer 1, at the 7, of 
the latter, the relation of Fujita and Kishimoto is in our notation 


—1/A log at) = 2.303 fa + 2.303 f'1/Aa:AT,, [4] 


where Aq; is the difference between the thermal expansion coefficients above 
and below 7, for polymer 7, and AT, is the difference between the glass 
transition temperature of polymer 1 and polymer 7. By plotting 1/A log 
at) against 1/Aa,;AT,, the linear form of the equation can be tested and 
the value of f,; obtained independently of any other information. 

Fujita and Kishimoto chose polymethyl methacrylate as polymer 1, 
using stress relaxation data of McLoughlin and Tobolsky (22), and made 
the comparison at 100°C. But because of the complications of the B- 
mechanism in the temperature reduction for the methyl polymer (23), and 
failure of data from various laboratories to agree, we prefer to base the 
comparison on polyethyl methacrylate at 7’ = 62°C. Another slight 
difference from the Fujita-Kishimoto procedure is that we use actual values 
of af, instead of measuring horizontal displacements of the relaxation 
spectrum ignoring the differences in p/M]o from one polymer to another. 
(Here p is density and My is monomeric molecular weight.) Also, we now 
can include the octyl and dodecyl polymers in the comparison. For this 
purpose, Aa; was taken as 2.4 X 10 * deg.” for all the polymers, and T, for 
the dodecyl polymer as —46°. The appropriate data for this treatment are 
also listed in Table III, and the test plot is shown in Fig. 8. The linearity is 
quite good, and the values of f, obtained are 0.026 from the intercept and 
0.018 from the slope. Fujita and Kishimoto obtained 0.019 from both 
intercept and slope. The value from WLF analysis of the temperature de- 
pendence of relaxation times for polyethyl methacrylate is 0.025. The 
general agreement in magnitude lends confidence to the view that the free 
volume is the primary influence in determining the dependence of friction 


coefficient on side group length. 
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Fig. 8. Fujita-Kishimoto plot for four methacrylate polymers, based on poly- 
ethyl methacrylate at its T, as reference. 
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Fra. 9. Retardation spectra of four methacrylate polymers, identified as in Fig. 


6, each reduced to the reference state of the n-butyl at 100°C. by the procedure 
described in the text. 


Comparison of Retardation Spectra in Corresponding States 


In a preceding paper (4), it was shown that the retardation spectra for 
the methacrylate polymers from ethyl through octyl coincided rather closely 
in the transition zone when log L + Alog p/My was plotted against log 


Se ee 
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7 — Alog af. Here A, as in Kq. [3], refers to the difference between values 
for a given polymer and the butyl as reference; the term added to log L 
takes into account the expected proportionality of the magnitude of 
spectral contributions to p/Mo. A new plot, embodying revisions due to the 
entanglement anomaly analysis (5), is shown in Fig. 9. The coincidence 
through the transition zone is very close; but the divergence near the 
maximum in L which appeared previously is now accentuated. If the dif- 
ferences are interpreted in the same manner as the temperature dependence 
of the maximum in a single polymer, they imply that the average spacing 
between entanglements increases with increasing side group length. Shifts 
along a line with a slope 14 on the doubly logarithmic plot, with approxi- 
mate matching of shapes, lead to the ratios 1:1.8:3.1 for the distance be- 
tween entanglements in butyl: hexyl: octyl. Since the dodecyl] does not have 
a well-defined maximum, it is not possible to obtain a ratio octyl: dodecyl 
in this manner to check the value 240:650 estimated above from plateau 
widths. 
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SUMMARY 


The real (J’) and imaginary (J”) components of the complex compiiance 
have been measured between 24 and 3600 cycles/sec. in the temperature 
range from —40° to 45° C. for a fractionated poly-n-dodecyl methacrylate 
with molecular weight 0.95 X 10°. The creep compliance, J(t), was meas- 
ured from —30° to 30°C. The method of reduced variables gave superposed 
curves for J‘ and J” against frequency and for J(¢) against time except for 
an anomaly at and below — 28°, interpreted as due to crystallization of the 
side groups. The temperature dependence of relaxation times followed the 
WLF form with a; (thermal expansion coefficient of free volume) = 
37 <x 10° deg... The retardation and relaxation spectra, combining 
dynamic and creep data, show a rudimentary plateau region from which 
the average spacing between entanglement points is estimated to cor- 
respond to a degree of polymerization of 650. The logarithm of the mono- 
meric friction coefficient (in dynes-sec. /em.) is —6.57 extrapolated to 
100°C. The dependence of friction coefficient on side group length in the 
methacrylate series, using revised data including now those for the dodecyl 
polymer, can be rather satisfactorily attributed to differences in free volume 
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by either the treatment of Dannhauser, Child, and Ferry or that of Fujita 
and Kishimoto. 
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ABSTRACT 


Measurements were made of the solubility of NaCl in perchlorethylene and in 
dodecane solutions of dioctyl sodium sulfosuccinate (Aerosol OT), in the presence 
of various. amounts of water. Part of this water was found to be bonded to the de- 
tergent and not available for the solution of NaCl. The addition of water to an an- 
hydrous solution of Aerosol OT produced a progressive ionization of the detergent. 
The micelles of the studied systems were all saturated with detergent, which ex- 
plains the constancy of the sodium chloride solubility for the studied range of water 
content. 


INTRODUCTION 


Removal of water-soluble soils from fabrics is one of the main problems 
of the drycleaning process. Sodium chloride is a typical ingredient of per- 
spiration and food stains. The physical chemistry of the drycleaning bath 
is not well understood. There have been no quantitative data to explain 
the solubility mechanism for such inorganic materials in the organic solvent 
system. 

Most of the studies which have been made on nonaqueous systems up 
to now have been ternary systems composed of a solvent, detergent, and a 
solubilized substance which was usually an organic material such as a dye- 
stuff, added to make the study of the micellar system possible (1, 2). 

The study presented here concerns a quaternary system of solvent, 
detergent, water, and salt. The choice of such a system has not been arbi- 
trary. It corresponds exactly to the working conditions encountered in the 


drycleaning bath. 


MATERIAL 


Dioctyl sodium sulfosuccinate—more widely known as Aerosol OT 
(AOT)—was chosen as the surface-active agent because it has been studied 


1 Presented during the Symposium on Micellization, Solubilization and Deter- 
gency in Solvents of Low Dielectric Constant, Division of Colloid Chemistry, 133rd 
Meeting of the American Chemical Society, April 13-18, 1958, San Francisco, Cali- 


fornia. 
2 Present Address: International Business Machines, Endicott, New York. 


161 


162 AEBI AND WIEBUSH 


in ternary systems and its properties are generally known. It is obtainable 
in a pure state and has been used in drycleaning formulations. Commercial 
detergents have been avoided for this study, because their precise composi- 
tion is usually unknown. Aerosol OT 100 %, solid, was obtained from Ameri- 
can Cyanamid Company (3). 

Perchlorethylene (Stauffer Chemical Company, New York), drycleaning 
grade, was twice redistilled. The fraction between 120° and 121°C. was 
used for the experiments. Theoretical boiling point: 121.02°C. 

n-Dodecane, practical grade, was obtained from Eastman Organic 
Chemicals. It was twice redistilled under vacuum. 

All other chemicals were certified reagents (Fisher Scientific Company). 


EXPERIMENTAL PROCEDURE 
A. Preparation of the Solutions 


AOT solutions in perchlorethylene and in dodecane were prepared a few 
hours before saturation with sodium chloride. The water was added to the 
solutions by a microburet. Samples with very small amounts of water were 
prepared by diluting systems of high water content with solvent solutions 
of the same detergent concentration. 

After dispersing the water in the solvent—detergent system, 0.5 g. of 
NaCl were added to each sample formed of 30-50 ml. solution. Addition 
of water directly on the crystals of NaCl gave erroneous results. 


B. Saturation 


The solutions were placed in 100 ml. volumetric flasks and treated at 
room temperature (72°-75°F.). 

1. On the laboratory shaker used in the case of the perchlorethylene 
solutions, 20 hours of shaking was sufficient to obtain saturation. Control 
samples were shaken for 100 hours to be sure that the system had reached 
its equilibrium. 

2. Ultrasonic agitation was used to saturate the solutions of n-dodecane, 
as reproducible results could not be obtained with the shaking method. 
The volumetric flasks were immersed in a water bath with a transducer in 
the bottom. The frequency used was 26 and 40 kilocycles per second. The 
saturation was obtained after 5 minutes of ultrasonic treatment. In order 
to check if complete saturation was reached for the perchlorethylene solu- 
tions, some of these samples were also saturated with the help of ultra- 
sounds. The results correspond to those obtained by mechanical agitation. 

The treatment with ultrasounds serves only the purpose of saturating a 
solution in minutes which would take days or weeks by simple shaking. 
This method can give solutions which seem to be oversaturated, the salt 
crystals being broken into ultrafine particles which, once in suspension, 
have great difficulty settling out again. Even centrifuging does not seem 
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to be of much help in accelerating the settling. Ultrasonics may also gen- 
erate heat although saturation was not carried out at an exact tempera- 
ture. For these reasons, the samples were shaken for 24 to 48 hours following 
ultrasonic treatment so that equilibrium was assured. 

The relative difficulty of saturating the perchlorethylene and n-dodecane 
solutions may be partially explained by the difference in viscosities of the 
two solvents, and by a possible difference of NaCl solubility in the pure 
solvents. 


Viscosity at 25°C. 


DADC ROA Se. BPR en ONE Ae nO HEI ae ere en RS 18 1.344 ep. 
Rerchlonrebnylenen ree eee cer Oe ee een hee 0.839 cp. 
0.1 M solution of AOT in n-dodecane............... 1.529 ep. 
0.1 M solution of AOT in perchlorethylene.......... 0.946 ep. 


C. Titrations 


The amount of water in solution was determined by the Karl Fisher 
method as modified by Martin and Lloyd (4). The precision of moisture 
measurement was +0.1 mg. HO. 

Sodium chloride was determined by a modification of the method of 
F. E. Clarke (5), which permitted titration in an organic medium. The 
following procedure was used for n-dodecane solutions: To 10 ml. of ace- 
tone or propyl] alcohol, 6 dropsof approximately 0.05 N nitric acid, and 1 drop 
of diphenyl-carbazone—bromophenol blue indicator were added. The solu- 
tion was neutralized to a blue color with a mercuric nitrate solution, 
_ approximately 0.05 NV, pH 3.5 to 4.0. Then 5 ml. of the n-dodecane solution 
saturated with salt was added and titrated under good agitation with the 
Hg(NOs)2 solution. 

For perchlorethylene solutions, alcoholic solution of mercuric nitrate is 
advantageous to prevent the formation of a white emulsion which makes 
the observation of the end point difficult. In both cases reproductivity of 
the results is good: using a semimicro buret, amounts of NaCl from 0.05 
to 2.5 mg. can be measured with a precision of +0.02 mg. or better. 


RESULTS AND DISCUSSION 


Figures 1 and 2 present the results obtained for perchlorethylene and 
n-dodecane solutions, 0.05 M and 0.1 M in detergent. It will be noticed 
that the four curves are nearly parallel. The extrapolation of each curve 
cuts the X-axis at almost identical values for the same detergent concen- 
tration. The ratio of H.O molecules to detergent molecules is 1.55 + 0.05 
for all four points. The phenomenon, then, is independent of the nature of 
the solvent but it depends upon the relative quantities of water and deter- 
gent present in the solution. Furthermore, there is a proportionality between 
the amount of NaCl and water which is independent of the detergent con- 
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Fie. 1. Solubility of NaCl in n-dodecane solutions. 
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Fig. 2. Solubility of NaCl in perchlorethylene solutions. 
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centration in the system except near the origin of the curve. This leads to 
the first conclusion, that sodium chloride is dissolved in the water which is 
inside the micelles. The solubility is much below the expected solubility of 
sodium chloride in an equivalent amount of pure water: 


140.5 g. NaCl/liter H,O in the micellar system. 
370g. NaCl/liter in bulk water. 


Consider now the beginning of the curves. It is evident that a definite 
amount of water, proportional to the amount of detergent, must be added 
before the solution of salt begins. There are two possible explanations for 
this. First: there may be hydration water, or second, a definite amount of 
water inside of each micelle may be needed before the solution of NaCl 
can begin. 


INTERPRETATION OF THE RESULTS 


The data can be discussed quantitatively if the following assumptions 
are made: 

1. 1.55 moles of water per mole AOT are so associated with the detergent 
that they are not available for NaCl dissolution. 

2. The constants for bulk solutions apply to the solution of NaCl in the 
water which is not bonded to the detergent. 

3a. The activity coefficients of NaCl and AOT in the micellar system 
are approximately equal. All the sodium ions from AOT are available in 
the aqueous phase inside the micelles. 

The solubility product for NaCl can then be written: 

Kp a ynacilCo1 : (Cya aa Cxa)], 
NaCl AOT 
where C is the concentration that would result from complete dissociation 
of both salts and y is the mean activity coefficient for NaCl in the saturated 
solution. 

The term in square brackets can readily be calculated for different water 
contents of the solution. AOT can be considered as dissolved in the total 
water. But the equation still contains two unknowns, 7 and K,,. By means 
of the equation found by Harned and Nims (6), y can be calculated for a 
saturated sodium chloride solution. This paper gives values for solutions 
up to 4.N. The validity of this equation was extrapolated up to a normality 
of 6.14 (saturated solution) and gave a value of ynaci1 = 0.97 with a prob- 
able error of +5 %. Robinson and Stokes (7) found a value of 0.98 for a 
6 N NaC] solution. For convenience of calculation, a value of y = 1.0 was 
chosen, making K.,» = 37.7 for a saturated sodium chloride solution. By 
putting these values in the equation, y then varies from 0.5 to 1.0. The 


results appear in Table I. 
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TABLE I 


Mean Activity Coefficient and AOT Dissociation Calculated from the 
Solubility Product Equation 


Ae eae: , Moles AOT/]. H20 Cra 1. Activity coefficient De sete anh 1. 
(moles) 
ile 29.42 0.035 0.495 13.4 
1.8 27.18 0.051 0.510 13.0 
2.0 25.00 0.080 0.590 12.5 
2.2 22).49 0.105 0.625 13.4 
2.5 20.00 0.146 0.714 14.2 
2.9 17.23 0.200 0.815 13.6 
333) 15.14 0.253 0.933 13.8 
3.66 13.67 0.300 1.01 14.2 
3.84 13.02 0.326 1.05 15.8 


3b. It now can be assumed that the activity coefficient of NaCl in a 
saturated solution is approximately 1, and that only sufficient AOT has 
dissolved in each case to satisfy K,, for NaCl in the system. 

According to Table I, the solubility of AOT in the micellar system is 
extremely high. This solubility cannot be compared to what happens in 
bulk water; in the micelles, nothing else but the inorganic ends of the deter- 
gent molecules are dissolved in the water. But even so, the solubility of 
AOT is extremely high. 

This leads to the hypothesis that the micellar water is “‘saturated’’ with 
the detergent: One part only of AOT is dissociated—that is, ‘dissolved”’ 
—in the water core of the micelles. The rest of it behaves like a solidus at 
the bottom of a saturated solution. 

AOT is then coordinately bonded to the sodium until enough water is 
present to hydrate the sodium ions. The addition of water causes a progres- 
sive ionization of the detergent. These views are supported by the fact 
that the solubility of NaCl is constant for ratios of moles H,O per mole 
AOT between 2 and 4.1. 

For ratios below 2 moles H.O per mole AOT, the solubility of NaCl 
falls sharply, indicating that most of the water is used for the hydration of 
the detergent. This has been postulated (8) to explain the diminution of the 
apparent specific volume of water when the micelles contain only small 
amounts of water. Singleterry (9) also indicates that water is coordinately 
bound to the metal ion of the detergent. This water is not available for 
NaCl dissolution. 

Assuming the micellar water saturated with salt and detergent, the 
solubility product equation can still be written; the concentration of the 
dissociated AOT is then an unknown constant. By solving the expression 
with ynaci = 1.0, K,» = 37.7, and a solubility of 140.5 g. NaCl per liter of 
micellar water as determined by the slope of the solubility curve, the con- 
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centration of the dissociated AOT is found to be 13.3 moles per liter of 
micellar water. This apparent solubility in a saturated salt solution has been 
computed for each point referred to in Table I. An average value of 13.7 + 
0.6 moles AOT per liter of micellar water was found, that is 4.1 + 0.2 
moles H20 per mole AOT. If more water is added, the solution becomes un- 
saturated in detergent which, in turn, increases the solubility of NaCl. 

Solutions with the highest water content which could be studied as clear 
- Solutions contained 4.2 moles H.O per mole AOT. The slightest addition of 
water to these solutions made them cloudy, and further addition of water 
gave a two-layer solution. But for now, no facts allow any connection be- 
tween the appearance of the cloudy solution and the complete ionization of 
the detergent. 


SUMMARY 


In short, the system which was studied contained four components: an 
inert organic solvent, a detergent which dispersed in the solvent in the 
micellar form, water which was held by the detergent, and sodium chloride 
as a solute. The water is held by the detergent in two states: (1) bound 
water which is proportional to the concentration of the detergent and which 
is not available for the solution of NaCl; and (2) free water which is avail- 
able for the solution of NaCl. The sodium chloride dissolves in any free 
water much as it would in ordinary bulk water. 

Furthermore, for the studied range of moisture content, the micelles were 
found to be saturated with detergent and NaCl. AOT is soluble in the 

_micellar water to the extent of 13.7 moles per liter. The addition of water to 
an anhydrous solution of AOT produces a progressive ionization of the 
detergent. Since all the solutions were saturated with AOT, this explains 
the constancy of the NaCl concentration in the available micellar water. 
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ABSTRACT 


The observed sediment volume of 3.5 c.c./gram for moist spheres in hydrocarbon 
solvents is shown to correspond exactly to a model in which each sphere coheres 
rigidly to the first sphere it contacts, but is inconsistent with strong forces operative 
over an appreciable range of distance. The mean number of neighbors for each sphere 
in this type of packing is 2.0. Sediment structure is more sensitive to the breadth 
of the size distribution than is sediment volume. 


It seems to be an accepted principle that if a suspension dilute enough 
for each ultimate particle to be separated from every other is allowed to 
settle quietly, under gravity, the volume occupied by the sediment will 
gradually approach constancy, and will depend, among other factors, on 
the extent to which the particles cohere on first contact with each other to 
form loose voluminous aggregates in contrast with the compact packing 
that would ensue if each particle could slide freely over or around others to 
fill in interstices as efficiently as is consistent with random packing of 
particles of the given shape. 

Careful work by a number of authors (for example, references 1, 2) has 
established that for glass spheres of fairly uniform size a minimum packing 
volume of 0.67 ¢.c./gram (close to 0.64 volume fraction) is established in 
polar solvents whereas moist spheres in nonpolar solvents run close to 
3.5 ¢.c./gram or about 0.125 fraction. 

Working with models, Chomse (3) gave objective results to support the 
reasonable presumption that anisometric particles settle toa looser packing 
than do spheres under the same conditions of interaction. Ross and 
Shaeffer’s (4) finding that the sediment volume of graphite increases with 
increased surface area could be a manifestation of the same phenomenon, 


1 The initial stages of this work were supported by the Office of Scientific Re- 
search, contract No. AF 18-603-122 directed by H. L. Frisch and administered during 
the period by K. J. Mysels. It is being continued by the Office of Ordnance Research, 
contract No. DA-04-495-ORD-1296 directed by M. J. Vold. 
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the larger areas corresponding to relatively thinner plates compared to 
their mean width, although direct data are lacking. Vold (5) has reported 
volume fractions as low as 0.005 in suspensions of lithium stearate where the 
length-to-width ratio of the rod-shaped particles averages at least 10. 

These results substantiate the argument that sediment volume depends 
on both particle shape and particle interaction. 

The general object of the program the first results of which are reported 
here is to calculate numerically the sediment volume to be expected for 
various models of particle interaction, taking the readily determined shape 
factors into account, in order that this relatively straightforward measure- 
ment may become a too! for the direct study of interparticle forces. 

The results here reported are confined to spherical particles. It is demon- 
strated that the packing fraction of 0.125 for moist glass spheres in hydro- 
carbon solvents is consistent with a model in which the particles cohere 
firmly on initial contact, but is inconsistent with the supposition that strong 
attractice forces exist which are influential over distances of the order of 
the particle radius. The calculations result also in a measure of the fraction 
of particles in the sediment which pack in contact with various numbers of 
neighbors, leading to the supposition that measurements of the yield value 
of such sediments may be able to measure the absolute value of the co- 
hesive force per interparticle contact. 


Mopre,t AND Mreruop or CALCULATION 


The physical process envisaged is that of distributing spherical particles 
randomly (but in macroscopically homogeneous fashion) throughout a 
very large volume, so that each one falls vertically under gravity. Each 
particle is presumed to cohere permanently to the first particle it encounters 
on the way down. Under these conditions the structure and fina] volume is 
not affected by the rate of fall of the particles and is identical with that 
which would obtain if each particle were dropped in individually. 

The process of dropping N spherical particles one by one into a container, 
allowing each one to stick at rest where it strikes either the bottom or a 
previously dropped particle, and of noting the number of neighbors each 
one eventually accumulates, together with the volume occupied by the 
particles at the end of the process, has been simulated with the aid of an 
electronic digital computer (NCR 102D, Engineering Center, U.S. C.). 
A slight modification, simulating longer range interparticle forces, allowed 
a particle to stick at rest against the first previously dropped particle which 
it approached within a prescribed distance 26. 

To accomplish this process in the computer, + and y coordinates between 
0 and 100 for the centers of the N spheres were obtained from a table of 
random digits (6). For a given sphere n, the quantity 


Di: = Gas —— Lae + (Yn ia yi)? 
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was then computed for 7 = 1, 2--- (n — 1) (the previously dropped par- 
ticles). For all cases in which 

Di = Cn) la 
where r, and r; are the radii of the particles, the further quantity 

Ln. = Lat MRnc= Dni) 


was computed and the largest of these, together with the value of 7 pro- 
ducing it, was recorded. 

Provision was made for recalculating the x and y coordinates for a par- 
ticle being attracted to another when it approached within the distance 26. 

The result of the computation, then, is a table giving the final z, y, and z 
coordinates of each particle, together with a table of digits which tells 
which particles came to rest in contact with each other. From these the 
volume fraction, tests for uniformity of packing, and contact numbers can 
be obtained by inspection. 

The memory capacity of the available computer limited the number 
of particles that could be handled to 160. It was found that the packing of 
particles was invariably more dense for those near the bottom and edges of 
the container and much less dense for those near the top, where large holes 
remained that would have been filled in were N larger. However, after 
‘he first 100, a substantial central core of the container had reached a 
density of particles which did not change appreciably when the last 60 
were added, so that even without a proper analysis of the statistical sig- 
nificance of the results, it is felt that conclusions from them are entirely 
valid. Their acceptability is further substantiated by finding that very 
close agreement was obtained in “duplicate experiments” with a different 
selection of initial coordinates from the table of random digits. 


RESULTS AND DISCUSSION 


In all, nine separate runs were made. Three of these were with spheres 
of equal radius and varying tables of random numbers for the x and y 
coordinates of the spheres. The fourth varied the radius of the sphere in 
relation to the diameter of the container. The fifth and sixth were for the 
distribution of sphere sizes shown in Fig. 1. In each of these eases particles 
were allowed to come to rest only on direct contact. In runs 7, 8, and 9 the 
particles were made to stick in contact with the first particle which they 
approached within a distance 26(5 being one fourth, one half, or one particle 
radius) moving into contact along the line of centers as shown in Bie s2: 

Results for volume fraction are shown in Table I, and in terms of sedi- 
ment volume for glass spheres of density 2.3 in Fig. 3. In Fig. 4 the same 
data are presented in terms of volume fraction of solids in the sediment. 
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Fig. 1. Distributions of radii in model sedimenting suspensions. On the same 
scale the container is 100 units on edge. 


Fic. 2. Assumed path of particle J, attracted to particle NV, beginning at sepa- 
ration 26. 


Figure 4 is thus quite general, while Fig. 3 permits direct comparison with 
model systems, which are most frequently glass spheres. 

The results for spheres of equal radius, which average 0.128, are in 
rather spectacular accord with the experimentally established value of 
0.125. That the result is not very sensitive to size distribution is shown 
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TABLE I 
Sediment Volume of Spheres 
Run No. of particles Particle radius” Range of attraction Vol. fraction 
it 108 10 0 0.132 
2 155 10 0 0.127 
3 155 10 0 0.128 
4 155 7 0 0.126 
5 150 Die 0 0.122 
6 150 D2° 0 0.124 
Zs 140 7 0.25 r 0.110 
8 160 7 0.5r 0.095 
9 142 7 1 On 0.058 


¢ Arbitrary units. On the same scale the container had a diameter of 100 units. 
>See Fig. 1 for distribution of radii. 


OF GLASS 


SEDIMENT VOLUME CC/GRAM 


Fia. 3. Sediment volume of glass spheres. A, experimental result and model for 
surface forces. Shaded area shows variations for computations with varying con- 
ditions. B, C, D, range of forces 0.25 7, 0.50 7, and 1.00 7, respectively. 


by runs 5 and 6. Presumably for a somewhat different model in which the 
spheres are able to slide past each other wide size distributions would pack 
more densely than narrow ones. In this case the very small difference, 
which is probably not significant, is actually in the opposite direction. 

In contrast to its insensitivity to size distribution, the calculated packing 
volume is exceedingly sensitive to the presumption of long-range forces. 
This fact is shown most clearly in Fig. 4. The origin of the cohesion oc- 
curring with moist glass spheres in toluene is well recognized as lying in 
relative wetting powers of water and hydrocarbon for glass, which requires 
actual contact to be effective. The circumstance that a relatively small 
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VOLUME FRACTION IN SEDIMENT 


fo) 257 507 Br lor 
RANGE OF ATTRACTION. 


Fig. 4. Volume fraction in the packing of spheres attracting each other over an 
appreciable distance. 


TABLE II 
Structure of the Sediment from Spherical Particles 
Per cent of particles making m contacts Mean 
Run ee ea ee ee a a, ee ee a eee contact 
n=1 n=2 n=3 n> 3 no. 

2 27 47 25 1 2.00 
3 32 45 18 5 1.99 
4 20 56 16 8 2.06 
5 46 32 20 2 1.78 
6 45 26 22 7/ 1.91 
7 25 49 24 2 2.03 
8 22 64 14 — 1.92 
9 13 59 12 = 2.00 


variation in the model produces a large change in the calculated volume, a 
very much larger change than the difference between theory and experi- 
ment for the reasonable model, leads to considerable hope for the utility of 
this approach to interpreting sedimentation data. 

Results for the structure of the sediment are given in Table II. The mean 
number of contacts made by each sphere is in the vicinity of two in all 
cases. That is, on the average, each particle comes to rest first against some 
other and one more comes to rest against it. The mean contact number of 
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spheres which can slide on each other is estimated by Eggleton and Pud- 
dington (2) to be about 9. 

It is noteworthy that a substantial portion of the spheres in all cases 
make only one contact with another sphere. When the sediment is made to 
flow under shear such bonds do not need to be broken and hence contribute 
nothing to the observed yield value. These terminal particles are relatively 
much more numerous for the distributions of sphere sizes than for uniform 
spheres, and, as is to be expected on intuitive grounds, they are found to 
consist largely of the smaller particles. For example, for distribution 2, the 
number-average particle radius is 6.2, while the average radius of particles 
making only one contact is only 5.8 and the average of those making three 
or more contacts is 7.7. 

The sediment structure is very much more sensitive, for these cases at 
least, to particle size distribution than to the model used for particle inter- 
action. Accordingly no theory relating yield value or other flow properties 
to interparticle cohesion can be expected to give satisfactory results unless 
size distribution is taken into account. 
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ABSTRACT 


Carbon replicas of fracture surfaces of ammonium dihydrogen phosphate and 
ammonium dihydrogen arsenate crystals grown from solutions containing chromic, 
ferric, or stannic ions reveal certain growth features not found in the pure crystals. 
In some areas a water-insoluble residue is found at the surface. It is believed that this 
residue is a metal phosphate or arsenate formed during growth of the crystal or oc- 
cluded from suspension in the solution. 

At high concentrations of foreign ions in solution a microstructure has been found, 
consisting of units tapered in a direction parallel to the z-axis of the crystal. Insoluble 
residues as amorphous films or discrete particles are found concentrated about these 
units. Similar tapered units visible to the eye are formed at the intersection of the 
prism and pyramid faces when growth is forced on seed crystals at concentrations of 

foreign ions sufficiently high to inhibit growth. 
_ Other surface features found repeatedly include layer growth, dendrites, and 
polygonal boundaries outlined by small particles. 


INTRODUCTION 


It has been shown by Kolb and Comer (1) that a habit modification 
results when crystals of NH,H2PO, are grown from solutions containing 
certain foreign metal ions. The crystals are tapered toward the z-axis, and 
the degree of tapering generally increases with decreasing solubility of the 
metal phosphate. Evidence showed that adsorption takes place mainly on 
the prism sides of the crystal where the phosphate reticular density is 
highest. It was proposed that tapering of the crystal was caused when the 
presence of the metal ion at the intersection of the (100) and (101) and 
(010) and (011) planes inhibited growth and caused successive layers to 
deposit at a slight distance in from the intersection of these planes. Those 
ions found to cause habit modification listed in decreasing order of effective- 
ness are: Snt+++, Cr+, Fett, Tit+**, Aut, and Be*. 


1 This paper was presented in part at the Fourteenth Annual Meeting of the Elec- 
tron Microscope Society of America at the University of Wisconsin, Madison, Wis- 
consin, September 10, 1956. Contribution No. 57-103. 
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The purpose of this investigation was to explore the possibility of using 
combined electron microscope and electron diffraction techniques to study 
adsorption and crystal habit modification in crystals of NHsH2PO, and 
NH,H:2AsO, grown from solution. 

A recent attempt to study crystal growth and crystal habit modification 
by means of the replica technique was made by Ames, Cottrell, and Samp- 
son (2), who examined the surface of several inorganic crystals grown from 
solutions with and without habit modifiers. Because they examined only the 
natural faces of the crystals they could not be completely certain whether 
some of the observed structures were introduced in drying the crystal. For 
this reason they concentrated on aspects of crystal growth already estab- 
lished by means of the optical microscope. More recently Truby (3) used a 
replica technique to study ice crystals grown from the melt and reported a 
microstructure of elongated hexagonal prisms varying greatly in size. 
Hibi (4) has shown by replica studies of natural and cleavage faces of 
alkali-halide crystals the effect of x-radiation on the development of 
crystallites. In the present study the surfaces examined were those of freshly 
fractured crystals. Comparisons between pure crystals and those modified 
by foreign ions made it possible to establish the existence of some character- 
istic surface structures for the crystals under examination. Water-insoluble 
material found on some of the replicas, and of special interest in this study, 
could have been deposited only during growth of the crystal. 


EXPERIMENTAL 
a). Method of Growth 


With one exception all the crystals examined were grown from solutions 
by slow evaporation of the solvent. Saturated solutions of the salts con- 
taining added impurities were held at a temperature of 35.0° + .1°C. 
Starting with seed crystals of 1-2 mm. in length it required up to 7 days 
to obtain crystals about 15 mm. in length, depending upon the amount of 
impurity added. Chromic ions were supplied by adding potassium chrome 
alum, and ferric ions were supplied by ferric chloride hexahydrate. The 
stannic ion was added as stannic chloride. Neither the sulfate nor the 
chloride ion caused any noticeable tapering of the two isomorphous crystals 
under study. The pH was lowered in some solutions by adding phosphoric 
acid in order to prevent precipitation of the metal phosphate. 

The crystal of NH,H2PO, containing adsorbed chromic ions was grown 
from a solution initially saturated at 38°C. by keeping evaporation at a 
minimum and changing equilibrium conditions by lowering the temperature 
of the solution at a rate of 0.4°C. per day. Starting with seed crystals about 
75 mm. in length, rotating in the solution at 60 r.p.m., growth was con- 
tinued until about 30 mm. of new growth was added to the crystal. 
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b). Replica Techniques 


When enough growth had been obtained on a seed crystal to make it 
possible to obtain fracture surfaces, the crystal was removed from the 
solution and dried on filter paper. A fracture surface was obtained by 
holding the edge of a sharp knife blade on the crystal parallel to the di- 
rection of the desired plane and striking the top of the blade lightly with 
a hammer. It is probable that the fracture occurs along planes in the 
crystal where the bonding is weak because of strains introduced by the 
presence of impurity atoms or precipitates. Immediately after they were 
fractured the crystals were placed in a vacuum evaporating unit and coated 
with 100-200 A of carbon deposited at angles of incidence of from 20 to 
30 degrees to obtain a shadow-casting effect (5). The use of metals for 
shadow casting was avoided because of their interference in electron 
diffraction identification of insoluble residue found on the replicas. Except 
when working with fractures parallel to the (001) plane it was possible 
to orient the crystal during the evaporation of carbon so that shadows in 
the replica are parallel to the z-axis. Replicas were removed by slowly 
lowering the crystals replica side up in distilled water. Frequently a water- 
insoluble residue at the surface of the fracture was transferred to the 
replica. 


c). Analyses of Habit-M odified Crystals 


Crystals of NH,H2.PO, containing Crt** were dissolved in distilled 
water and the Cr@! was oxidized to Cr’ by acidifying with H.SO, and 
boiling with potassium persulfate in the presence of silver nitrate. The 
color developed by Cr” with 1.5-diphenylearbohydrazide was measured 
at 540 my on the G.E. recording spectrophotometer against a reagent blank. 
Standards were made up of K,Cr.O, with NH4H2POx, added. 

Crystals of NH,H2PO, containing the ferric ion were dissolved in water 
and the ion was reduced to Fe++ with hydroxylamine hydrochloride. The 
color was developed with o-phenanthroline and the solution was buffered 
with sodium citrate and diluted to volume. Measurements were made at 
560 my on the G.E. recording spectrophotometer against a reagent blank. 
Standards were made up of Fe(NH,)2(SO.)2:6H2O with NH.H2PO, added. 


RESULTS 
a). Cation Adsorption 


Figure 1 is a graph showing per cent chromium adsorbed versus chromic 
ion concentration in solution. The adsorption curve starts leveling off 
at a concentration of 4 X 107% mole Crt++/liter; crystals grown at this 
concentration contained 0.057 % Cr**+. Data published by Kolb and Comer 
show that tapering also reaches a maximum at this point. At higher con- 
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Fig. 1. Adsorption of Crt** by NHiH2POx, during growth from solution. 


centrations of chromic ion growth of the crystal is inhibited. The amount of 
iron found in crystals of NH,H.PO, grown from solutions containing from 
0.5 X 10-* to 2 X 107% mole Fe+*+*/liter solution was essentially constant 
at about 0.006 %. Kolb and Comer showed that at the same concentration 
of ferric and chromic ions in solution (approx. 2 X 107% mole/liter) the 
tapering caused by the ferric ion is about 6.5 degrees as compared with 
about 16 degrees for the chromic ion. 


b). Electron Microscope Studies 


Replicas of fracture surfaces of the pure salts showed, with few exceptions, 
no surface structure in the crystals. With increasing amounts of im- 
purity certain features were found repeatedly; they consisted of the follow- 
ing types: growth layers, dendrites, precipitates, and mosaic structures. 
Water-insoluble residues were found adhering to the replicas in many 
areas. 

Figures 2 and 3 show surfaces of NH4H2PO, crystals grown from solutions 
containing 4 X 10-* mole Cr+++ per liter of solution. On only a few sur- 
faces, representing fractures roughly parallel to the intersection of the 
prism faces, was enough water-insoluble residue found to give electron 
diffraction patterns by the selected area technique, and these could not be 
identified. One such area is seen in Fig. 2. The micrographs show growth 
lines in the area containing the residue running normal to the z-axis of 
the crystal. In addition to the large masses of residue there are many 
small particles. In areas adjacent to this structure the crystal appears 


Fra. 2. NHsH2PO, grown from solution containing 4 X 107% mole Cr***/liter. Frac- 
| ture surface at intersection of (100) and (010) planes showing water-insoluble residue 


. (5000 x). 


Fia. 3. NHiH2PO, grown from solution containing 4 X 10-3 mole Cr***/liter. Frac- 
ture surface parallel (100) plane showing tapered microstructure and fine residue 


(5000 X). 
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perfectly smooth, resembling the surfaces found on crystals grown from 
pure solutions. 

In Fig. 3 the tendency is toward growth of microcrystals which are 
tapered toward the z-axis. These units, quite uniform in size, are dis- 
tributed over a large area. Close observation of the micrograph will show 
that the area is completely covered with very small discrete particles 
about 300 to 400 A in size. Figure 4 is a micrograph of a crystal containing 
the ferric ion as an impurity. This shows a tapered microstructure with a 
greater variation in size. The opaque areas visible on the microcrystals 
are probably caused by the overlapping of a second layer of carbon film 
formed on the under surface of these particles. However, distributed around 
and on the particles is a very fine residue. Figure 5 shows the tapered 
structure on crystals of NH,H»AsO, containing ferric ions. Here the presence 
of shadows from the opaque material shows conclusively that this is not an 
overlapping carbon film but is a water-insoluble residue adhering to the 
replica. The arrows indicate particles having well-defined crystalline out- 
lines. Figure 6 shows a different area with water-insoluble particles ad- 
hering to tapered microcrystals. 

Under certain conditions sharply tapered units, visible under the light 
microscope and sometimes to the unaided eye, are formed at the inter- 


Fic. 4. NHiH2PO, grown from solution containing 1 X 10-3 mole Fet++/liter. 
Fracture surface parallel (100) plane showing tapered microstructure and residue 
(18400 x). : 


ee 


Fie. 5. NHiH2AsO, grown from solution containing 10 X 1073 mole Fe***/liter. 
Fracture surface parallel (100) plane showing tapered microstructure. Arrows indi- 
cate crystals of impurity compound (10800 X). 


Fro. 6. NH,H.AsO, grown from solution containing 10 X 10-3 mole Fe**t/liter. 
Fracture surface parallel (100) plane (7200 X). 
181 
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section of the prism faces with the pyramid faces when pure seed crystals of 
NH,H2PO, are placed in solutions of the salt containing enough foreign 
ions to inhibit growth. 

Surface features found on crystals of NH «H2AsO, were usually more pro- 
nounced than those found on the isomorphous phosphate, and greater con- 
centrations of insoluble residue were found. Figure 7, a fracture surface 
parallel to the (001) plane, shows dendritic growth in the lower part of 
the image and a coarser, undercut structure with areas outlined by small 
particles with crystalline outlines. Figure 8 shows another field where 
crystallites, apparently euhedral octahedrons, are concentrated in parallel 
lines spaced about 2 microns apart. In a few areas on replicas of fractures 
parallel to the (001) plane a polygonal type structure seen in Fig. 9 was 
found. Residues from the small particles along the boundaries, which were 
transferred to the replica during the separation from the surface of the 
crystal, suggest the presence of an impurity formed preferentially at the 
surface of the growing crystal. 

Many replicas of the arsenate contained large quantities of insoluble 
residue, often appearing as a fine amorphous layer and sometimes as discrete 
crystals like those in Fig. 10. Here the particles are relatively thick and 
rounded with some indication of crystalline outlines. In the upper right- 


Fra. 7, NHyH2AsO, grown from solution containing 10 X 10-* mole Fet++/liter. 
Fracture surface parallel (001) plane (4800 x). 


Fia. 8. NH;iH2AsO, grown from solution containing 10 X 107-* mole Fe***/liter. 
Fracture surface parallel (001) plane (14800 xX). 


Fic. 9. NH,H2AsO;« grown from solution containing 10 X 107 mole Fe***t/liter. 
Fracture surface parallel (001) plane showing polygonal units bounded by small 
particles (7200 x). 
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Fia. 10. NHyHsAsO, grown from solution containing 10 X 107? mole Fe***/liter. 
Fracture surface parallel (100) plane showing crystals of impurity compound adhering 
to the replica (14800 X). 


hand corner is a deposit of the more common ‘‘amorphous”’ material. In 
the lower part of the micrograph can be seen outlines of particles which 
were replicated but did not adhere entirely during separation of the replica 
from the crystal surface. Figure 11 shows a field containing very high con- 
centrations of residue with slender tapered crystals visible also. Very few 
diffraction patterns were obtained from the residue and identification of 
these was not possible. Most of the residue appears to be amorphous. 

At very high concentrations of stannic ions (20 X 10% mole per liter in 
solutions of NH,H»PO,) no growth formed on the seed crystals. At extreme 
conditions of supersaturation erystal growth occurred on the sides of the 
beaker by creeping. Electron diffraction patterns of residue on the replicas 
could not be obtained. Figure 12 shows a typical field found on replicas of 
the material grown on the sides of the beaker. The particles are rounded 
and irregular in shape; most of the black, curved lines represent water- 
insoluble residue. Larger quantities of residue, concentrated by dialysis 
of the powdered crystals through a collodion membrane, were identified by 
electron diffraction as largely tetragonal SnO.. Some lines present could 
not be identified. This material could have formed during the release of 
stannic ions from the phosphate crystals during dissolution, but the fact 
that it is formed under these conditions indicates the possibility of its 
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Fie. 11. NHiHsAsO, grown from solution containing 10 X 10-* mole Fe***/liter. 
Fracture surface parallel (100) plane showing impurity compound adhering to the 
replica (5000 X). 


am 


Fria. 12. NH,H»PO, grown from solution containing 20 X 10% mole Sn**** /liter. 
Growth by creep on side of beaker. Black lines represent water-insoluble residue 


(18800 X). 
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Fig. 13. NHyH2PO, grown from solution containing 8 X 107% mole Snt*t*/liter. 
Natural (100) face showing water-insoluble residue at surface (5400 X ). 


forming at the surface of the growing crystals. At lower concentrations of 
stannic ion (8 X 10 mole per liter) growth was obtained on seed crystals 
of NH,H,PO,. Replicas of the natural (100) face, Fig. 18, show heavy 
concentrations of amorphous residue located in parallel lines running 


normal to the z-axis. The spacing is usually about 2 microns or multiples 
of this. 


DiIscUSSION 


There is general agreement with Ames e¢ al. that pure crystals show es- 
sentially no surface features by the replica technique. Their work was 
done on natural surfaces, whereas in this study the surfaces examined were 
obtained by fracturing the crystals in directions roughly parallel to the 
(100), (010), or (001) planes. With increasing quantities of impurities in 
the solutions there is an increase in surface structure, even though crystals 
containing the highest amounts of impurities yielded some fracture surfaces 
which were structureless. 

Several workers have proposed a relationship between the solubilities 
of the host crystal and the impurity responsible for habit modifica- 
tion (6-10). 

Buckley (11) on the basis of his studies of the effect of the inorganic 
oxy-ions, CrO.-, SO.=, and CO;-, as impurities in crystals possessing the 
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same type of anion, stated that ‘the impurity ions were distributed with 
some degree of statistical unevenness throughout those parts of the grown 
crystal which has passed into the interior via one of the affected faces, 
while in highly concentrated impurities several ions of the latter might get 
together with some cations and form localized crystals of impurity on the 
surface and get incorporated by subsequent deposition.” However, he 
considered this to be merely incidental and inapplicable in cases where 
only minute traces of impurity were needed to cause a large habit change. 

The idea of a metal phosphate or arsenate formation on the crystal sur- 
face during growth of NH,H2PO, and NH,H:AsO, from solutions con- 
taining the cations, Cr+++ and Fet++, is given some support by the results 
of several workers in other fields of study. Sinha and Choudhury (12), in 
a study of the adsorption of phosphate by aluminum oxide, presented evi- 
dence to show that there is a chemical reaction between the oxide and 
phosphate to form an aluminum phosphate. Along similar lines is a study 
by O’Connor et al. (13) on electrokinetic properties and surface reactions 
of corundum, in which they show by the streaming potential method that 
KH,PO, reacts with the surface of alumina by both anion adsorption and 
by anion exchange with the formation of Al(H2PO.), Al(HPO,)s, 
and AIPO,. Cole and Jackson (14) have shown that colloidal dihydrogen 
phosphates of aluminum and iron with crystalline character can be formed 
by reacting AlCl; or FeCl; with solutions of phosphate as KH»PO, or 
NaH2PO,. 

Although most of the insoluble residue on the crystals examined was con- 
centrated in lines normal to the z-axis, in some unique areas containing 
the tapered microcrystals it was often distributed more uniformly 
throughout the field. In addition, water-insoluble crystals, well-defined 
morphologically, were found at the apices of the tapered units found on 
NH.H>AsO, containing the ferric ion. It has been known for some time 
that growth normal to the prism faces of the NHsH,PO, and NH«H2AsO, 
crystals is inhibited by strong adsorption of the cations, Crt*+, Fet**, 
Snt+++, and others; when one of these cations is present in sufficient con- 
centration growth of the crystal occurs chiefly along the z-axis. There is a 
critical concentration for each cation at which’ growth of the crystal is 
completely inhibited. However, it has been found that when a high degree 
of supersaturation exists a limited amount of growth along the z-axis can 
take place on a seed crystal even when the foreign ion concentration is 
above the value where growth is normally stopped. Under these conditions 
growth occurs on a pure seed crystal until enough impurity is adsorbed on 
the surface to block further deposition of solute ions. When viewed along 
the prism faces the new growth consists of units of varying sizes tapered 
along the z-axis. The tapered micro units observed by the replica technique 
are probably formed in the same manner. Tapering is the result of the 
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formation of micro steps; as the foreign ion concentration builds up on the 
surface growth is stopped and a precipitate of the metal phosphate may 
form at the surface. New micro units form at some distance in from the 
intersection of the prism and pyramid faces and as the process continues 
a gradual tapering of the crystal is observed. 

Certain structures observed on NH,H:AsO, containing ferric ions are 
not yet understood. It is clear from this study that relatively large quanti- 
ties of insoluble residue are present in these crystals. The polygonal type 
structure observed in a few areas is suggestive of the type of dislocation 
nets observed by Amelinckx (15) in rock salt, and by Hedges and Mitchell 
(16) in silver bromide. There is, however, no direct evidence to link these 
structures with networks of dislocations. 

At present no explanation has been found for the presence of the residue 
in curved lines in the crystals which grew on the side of the beaker at very 
high concentrations of stannic ion. While residue from the crystalline ma- 
terial obtained by dialysis was identified as tetragonal SnOx, it is not certain 
that this is the residue found on the replicas; it is possible that formation 
of the compound took place during the dialysis operation although the 
presence of SnO, in the crystal is entirely possible. 


SUMMARY 


Evidence has been presented to show that adsorption of the cations 
Cr+, Fet+, and Snt** by crystals of NHsH.PO., and NH.H.AsO, 
during growth from solution is accompanied by the deposition of water- 
insoluble residues at the surface of the growing crystals. It is suggested that 
these are metal phosphates or arsenates formed at the surface or occluded 
from suspension. Those which form at the surface deposit preferentially 
at the prism faces and are partly responsible for a habit modification of the 
crystals. In the case of the stannic ion it is possible that some SnO, 
is present. 

A microstructure observed on habit-modified crystals indicates a step- 
wise tapering of the crystal at the intersection of the (100) and (001) or 
the (010) and (011) planes. Other surface features include polygonal units 
bounded by small crystals. 

The results suggest that under carefully controlled conditions the electron 
microscope may be a valuable tool in studying crystal growth in the 
presence of impurities. 
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INTRODUCTION 


Studies of monomolecular films have provideda great deal of information 
concerning molecular structure and orientation at interfaces of organic 
molecules (1). In recent years, the techniques have been applied to polymers 
by Crisp (2, 3), Hotta (4), Schick (5), and many others, but no study has 
yet been made of vinyl monomers, probably because the common monomers 
are short-chain molecules which would not be stable at an interface. How- 
ever, the attachment of a long hydrocarbon chain to a monomer molecule 
should not greatly alter the character of the vinyl double bond and the 
effects of neighboring functional groups should be identical. Thus, results 
obtained from monolayers of vinyl stearate should be very pertinent to 
vinyl acetate, and so on. 

This paper reports a systematic study of vinyl stearate and cetyl-vinyl 
ether spread as monolayers at the air/water interface upon substrates of dif- 
ferent acidity. The vinyl ester was chosen as representative of monomers 
whose double bond is adjacent to an electron-attracting group and which is 
subject to free radical polymerization while the ether, with its vinyl group 
adjacent to an electron-repelling oxygen atom, is representative of mono- 
mers subject to cationic, or Lewis acid, polymerization (6). In order to sep- 
arate the effects of the double bonds from those of the adjacent polar groups 
the corresponding saturated compounds were also studied. Of the four com- 
pounds, only one, ethyl stearate, had been previously investigated (7). Re- 
sults show that the vinyl groups affect the properties of the monolayers in 
a manner which can be related to the interaction of the adjacent polar groups 
with the double bonds. 

Polymers of the two monomer species were also prepared and their prop- 
erties as monolayers determined, the results being interpreted in terms of 
the structures of the polymer molecules. 


* S es Ye a + 
Present address: E. I. Du Pont de Nemours and Company, Kinston, North 
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EXPERIMENTAL 
Materials 


A sample of cetyl-vinyl ether was kindly donated by Dr. S. A. Miller 
of the British Oxygen Company. It had a boiling point of 160°-165°/4 mm. 
and analyzed: C-80.85 %, H-13.57 %. A rough molecular weight determina- 
tion (Rast method) indicated no polymerization, and the sample was used 
without additional purification. 

Cetyl-ethyl ether was prepared by a Williamson synthesis in a manner 
similar to that described by Phillips and Mumford (8) and by Becker (9). 
It melted at 20°C. after three crystallizations from acetone and one from 
ethanol and drying for a week in a desiccator over anhydrous calcium 
sulfate. 

Vinyl stearate was prepared as described by Adelman (10). The crude 
reaction product was not purified by distillation, however, but was washed 
twice with hot water and then dissolved in acetone and treated with an 
excess of 6 N NaOH. The soap which precipitated was removed by filtration 
and the filtrate cooled to 0°. The precipitated ester was then filtered, dis- 
solved in ether, and extracted three times with water to remove any residual 
inorganic contaminant. The ether was evaporated and the product re- 
crystallized from acetone. The white, waxlike crystals melted at 35°-86°C. 

A sample of purified ethyl stearate was kindly donated by Mr. H. K. 
Welsh of the C.S.I.R.O. Laboratories, Sydney. 

Polyvinyl stearate was prepared by bulk polymerization in a manner 
similar to that described by Port and co-workers (11). It had a melting 
point of 54°-59°C. and an intrinsic viscosity in benzene solution at 25°C. 
of 0.203 deciliter/gram, which, according to the data of Burlant and Adicoff 
(12), indicates a molecular weight of approximately 3600. 

Cetyl-vinyl ether was polymerized by a method similar to those described 
for other poly alkyl-vinyl ethers by Chalmers (13) and by Eley (14). The 
polymer was dissolved in benzene and precipitated with cold acetone as 
described above for polyvinyl stearate. After three such precipitations the 
polymer was dried over calcium sulfate. The product was a white crystalline 
solid which melted at 53°C. It analyzed: C-79.75%; H-13.65%. A very 
approximate molecular weight determination (Rast method) indicated a 
low degree of polymerization. 

Known quantities of these materials were dissolved in a 3% solution 
of n-butanol in petrol ether (b.p. 60°-90°C.), both constituents of which 
had been redistilled, to make spreading solutions of approximate concen- 
tration 0.2 mg./ml. The various solutions used as spreading substrates 
were prepared by dilution of the reagent grade chemicals with distilled 
water. No attempt was made to keep these solutions at constant ionic 


strength. 
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Apparatus 


The film balance was a simple Wilhelmy plate type, sensitivity ca. 0.7 
dyne/em. per centimeter of scale deflection. The scale was read to the 
nearest 0.1 cm. Surface potentials were measured in the normal way, being 
read to the nearest millivolt. 

Spreading was by means of an ‘“‘Agla” micrometer syringe. All experi- 
ments were run at room temperature, which, however, was adjusted so that 
all measurements were made at 25° + 0.5°C. 


RESULTS 


All results are given graphically, each curve representing the average 
of at least two, and usually three or four, separate experimental deter- 
minations. In all cases, the solid curves represent force (I1)-area (A) meas- 
urements, the dashed curves surface potential (AV)-area measurements, 
and the dotted curves surface moment (u)-area determinations calculated 
from the Helmholtz equation AV = 42u/A. The letters adjacent to the 
curves refer to the substrates on which the film was spread which were, in 
all cases: (a) 0.005 N HCl; (b) 0.010 N HCl; (c) 0.050 N HCl; (ad) 0.100 
N HCl; (e) 0.500 N HCl; (f) 1.00 N HCl; (g) 5.00 N HCl. 
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Fre. 1. Ethyl stearate. Surface pressure (I), surface potential (AV), and surface 
moment (u) as functions of area per molecule (A). 
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Fra. 2. Vinyl stearate. Surface pressure (II), surface potential (AV) and surface 
moment (x), as functions of area per molecule (A). 


Ethyl and vinyl stearate both yield condensed monolayers on all sub- 
strates as shown by the I-A curves of Figs. 1 and 2. The linear portions 
of these curves extrapolate to a limiting area of between 19.5 and 20.0 A.’, 
in good agreement with that found for ethyl stearate by Alexander and 
Schulman (7). The departure from linearity observed at low surface pres- 
sures is greater with the saturated ester and appears to increase with the 
substrate acidity. 

The AV values of the two esters are quite different, the plateaux coming 
at ca. 410 mv. for ethyl stearate and 560 mv. for vinyl stearate. These 
values remain the same except on the most concentrated acid substrate 
(5N HCl), when an increase of the order of 100 mv. is noted for 
both compounds. 

Cetyl-ethyl ether (Fig. 3) forms a liquid expanded film which on com- 
pression becomes condensed. The condensed portions of the II-A curves 
extrapolate to limiting areas of 19.0-19.5 A.2, which agree with the value 
found for octadecyl-methyl ether by Marsden and Schulman (15). The films 
are not as stable as those of the esters. Surface pressures are first detected 
at areas of from 35-70 A.? depending on the acidity of the substrate. The 
AV—A curves are reasonably constant except on 5 N HCl, which shows a 


marked increase of over 100 mv. 
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Fic. 3. Cetyl-ethyl ether. Surface pressure (II), surface potential (AV) and sur- 
face moment (uz) as functions of area per molecule (A). 


Cetyl-vinyl ether (Fig. 4) forms condensed films, the characteristics of 
which are strongly dependent on the acidity of the substrate, the compressi- 
bility decreasing with increasing substrate acidity. The linear portions of 
the II-A curves extrapolate to areas of about 19 A.? (on the more dilute acid 
substrates) up to 24 A. (on 1 N HCl). On 5 N HCl the I-A curve is not 
linear at any surface pressure. 

The AV results are unique among the compounds studied here in that 
the AV-A curves are linear and strongly dependent on the acidity (Fig. 5), 
with a variation of over 250 mv. from the most dilute to the most concen- 
trated acid substrate. 

Poly-vinyl stearate (Fig. 6) was spread on only one substrate, 0.05 N 
HCl, giving a condensed film with a linear portion extrapolating to an 
area of ca. 26 A.2 per monomer residue. 

Surface potentials rose from their initial values of 220 mv. at 35 A2 
per monomer residue to a reasonable plateau of ca. 340 mv. at 20 A.2. 

Poly cetyl-vinyl ether (Fig. 7) was also spread on only one substrate, 
0.05 N HCl, and also yielded a condensed film, with the linear portion 
extrapolating to ca. 21 A.? per monomer residue. 

Surface potentials increased from about 380 mv. at 22 A2 per monomer 
residue to a maximum of 404 mv. when the film was compressed. 
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Fig. 4. Cetyl-vinyl ether. Surface pressure (I) as a function of area per mole- 
cule (A). 
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Fra. 5. Cetyl-vinyl ether. Surface potential (AV) and surface moment (wu) as 
functions of area per molecule (A). 
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Fic. 6. Poly-vinyl stearate. Surface pressure (II), surface potential (AV), and 
surface moment (u) as functions of area per monomer unit. 
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Fig. 7. Poly cetyl-vinyl ether. Surface pressure (II), surface potential (AV), 
and surface moment (x) as functions of area per monomer unit. 
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DISCUSSION 


Surface moments were first used as an aid in determining molecular 
orientation in monolayers by Alexander and Schulman (7). They were able 
to obtain good agreement between calculated and observed surface moments 
(x) for a variety of long-chain esters by considering the ester group to con- 
sist of three dipoles and ascribing to each of these surface moments as 


R m = 170 millidebyes (mD.) 
AG po = 0 mD. 
CH, y3 = 360 mD. 
M2 
O—C 
ia NE 
CH, O 


R’ 


indicated. The resultant surface moment (u) was then obtained by vector 
summation of pi, #2, and w3. This treatment and the above numerical values 
have been used in the discussion which follows. Graphs of » as a function 
of A are shown by the dotted curves in Figs. 1, 2, 3, 5, 6, and 7. 

First consider ethyl stearate. This compound forms a condensed film on 
all substrates, the linear portions of the II-A curves extrapolating to ca. 
19.8 A.2, at which area py is ca. 205 mD. Both these figures agree with those 
of Alexander and Schulman (7). The configuration they suggest for the 
ester is given in Table I(A). 

Now, vinyl stearate also forms a condensed film with the same extrapolated 
area of ca. 19.5 A. so that, from the II-A measurement, the vinyl ester is 
almost certainly in a similar configuration (Table I (B)). The linear portion 
is reached at lower surface pressures than with the saturated ester, but this 
is not surprising considering the more polar nature (and smaller size) of 
the vinyl group. 

The surface moment of vinyl stearate is found to be considerably higher 
than that of ethyl stearate, being ca. 275 mD. at 19.5 A.?. As the two com- 
pounds are identical except for the unsaturated ester group, this increase 
must be ascribed to the vinyl double bond. Now, the dominant dipole in 
the ester group is yz, that associated with the carbonyl group. With the 
ester in the configuration shown in Table I(B), the observed increase in 
surface moment of 70 mD. must then be due either to a strengthening of 
yu; or to a weakening of 1, by the vinyl double bond. The latter seems much 
the more likely, although some effect on us cannot be excluded. The pi 
electrons of the double bond are polarizable and the vinyl group then 
acts as a source of electrons. These electrons are attracted by the carboxyl 
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TABLE I 
Orientation in Monolayers of Long-Chain Ethers and Esters 


H.C H.C 
eee ~< Seca ees sereceenetneene\ sentenerenenne 
CH: CH, 
J vo 
O—C O—C 
YN a 
H.C O 1 O 
< 
CH; CH. 
A. Ethyl] Stearate B. Vinyl] Stearate 
Area per molecule = 19.8 A.? Area per molecule = 19.5 A.? 
uw (obs.) = PY iD), pw (obs.) 3) PKS) Som DY 
pw (ealc.) = 198 mD. 
as s 
CH, CH: 
Seno SY cnc serseecentsce J tncenctnene 
H2C H.C 
x. 
O—CH; Oma © Ell 
~ \ 
CH; CH, 
C. Cetyl-Ethyl Ether D. Cetyl-Vinyl Ether 
Area per molecule = 19.8 A.? Area per molecule = 20 A.? 
uw (obs.) = 208 mD. uw (obs.) = 150-205 mD. 
zw (eale.) =) P05) 100) D)- 


Note: The orientation of the molecules with respect to the surface of the water 
but not therr depth of zmmersion is given by the dotted horizontal lines. 


group, partially neutralizing ,.! The resultant surface moment is thus 
increased. 

Some idea of the extent of the neutralization can perhaps be obtained 
by comparing the observed increase in surface moment, 70 mD., with that 
assuming complete neutralization, namely, 140 mD. This latter figure would 
represent the maximum possible effect of the vinyl double bond on the 
surface moment of the ester and may be compared with the increase of 
ca. 210 mD. observed by Hughes (16), for A-a,8, isooleic acid when com- 
pared with oleic acid. With the A-a,@, acid, polarization of the double bond 
which is conjugated with the carbonyl bond greatly reinforces dipole ws, 
resulting in an increase in surface moment of almost 100%. 


* This effect is well shown in bulk dipole moments. Thus vinyl chloride and 
chlorobenzene have lower moments than methyl chloride. 
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Cetyl-ethyl ether forms an expanded film at low pressures, which, on 
compression, changes to a condensed film of limiting area 19.5-20 A.2, 
indicating close packing of the hydrocarbon chains in the condensed state. 

The surface moment is 205 mD. at an area of 19.8 A.2. This is a con- 
siderable moment for a symmetrical molecule like an ether but checks well 
with the data of Marsden and Schulman (15) for octadecyl-methy] ether. 

Three orientations of the ether molecules at the interface would appear 
to be possible; they are given below. Of these (1) would appear to admit 
closest packing of 


CH, 2C H.C 
Bs va eee NS SS 
HC CH, CH, 
\ Ost sat lz yA ee ve 

O HC CH; H.C x 

a SAS oe See 

H.C Oo—C H, O —C H, 

‘ are SS 

CH; CH; 


(1) (2) (3) 


the hydrocarbon chains. However, it is obvious that, in this configuration» 
the two C—O dipoles essentially cancel one another so far as moment 
normal to the interface is concerned and a surface moment of 200 mD. 
would be impossible. Configuration (2) is ruled out since it does not permit 


_ close packing of the hydrocarbon chains. Molecular models show, however, 


that reasonably close packing can be achieved in configuration (3). Further, 
considering the surface moment of the ether to be due only to the two C—O 
dipoles, and taking these to be the same as Alexander and Schulman’s 
(170 mD:), vector addition yields a resultant surface moment of ca. 202 
mD. This figure checks very well with the observed (205 mD.), confirming 
configuration (3) as correct and, incidentally, confirming the value for the 
C—O dipole determined by Alexander and Schulman from theoretical 
considerations. 

It is probable that when the film is under no compression the ethyl 
group has rotated so as to reduce its immersion in the water. This rotation 
would increase the area per molecule but would not affect the surface 
moment. 

The behavior of cetyl-vinyl ether is the most interesting (and the most 
complex) of the compounds considered here. 

Consider first the behavior on the most dilute acid substrate, 0.005 NV 
HCl. The film is of the condensed type but highly compressible and not 
very stable. Compression to surface pressures greater than 11 or 12 dyne 
was impossible. The surface moment at 20 A.’ is 160 mD., i.e., some 40 
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mD. less than the saturated homolog. If we consider again the configura- 
tions given above for cetyl-ethyl ether, then (1) can again be rejected be- 
cause it would indicate little or no surface moment, and (2) because it 
would be inconsistent with the areas observed which indicate close packing 
of the hydrocarbon chains. Any model which is adopted for cetyl-vinyl 
ether must then have the molecules take configuration (3) at the interface. 

Now, the behavior of alkyl-vinyl ethers is greatly influenced by the 
interaction of the vinyl double bond with the ether oxygen atom which 
allows the creation of the following structures: 


\ < aK 
C H, C H, C H, 
Ve fe 8 
H.C H.C GH, -- HC 
So 4 aS 
O—CH O=CH O=CH 
iN © 
CH, e@C H, 
cis trans 


The stabilization of the ether molecule due to this electron shift has been 
studied by Kistiakowsky and co-workers (17), and spectral evidence for the 
existence of two (cis-trans)isomers has recently been presented by Brey and 
Tarrent (18).? 

Now consider the effects of such an equilibrium on the properties of the 
monolayer in which the molecules are oriented as in configuration (3) 
above. The electronic shift will weaken the two C—O dipoles because in 
the process of the shift the negative oxygen atom becomes more positive. 
This weakening should decrease the surface moment, as this is a function 
of the strength of the C—O dipoles. From general reasoning one might 
also expect the weakening of these dipoles to weaken the anchorage of the 
ether molecules to the water, and so decrease the stability of the film, as 
observed. 

The large increase in film stability and in surface moment on more acidic 
substrates remains to be explained. Possible explanations are: 

1). Incomplete spreading on neutral and slightly acid substrates. 

2). Appreciable solubility in water; the effect of acid would then 
be ascribed to ‘‘salting out.” 

3). The viny] ether reacts with the acid producing a new compound which 
forms stable films. 

4). The hydrogen ions coordinate with the vinyl ether and the resulting 
complex forms stable films. 

These various possibilities were considered in turn. 


> It has been stated above that the cis form is sterically impossible in the 
condensed monolayer. 


FILMS OF VINYL STEARATE, CETYL-VINYL ETHER, AND POLYMERS 20] 


Incomplete spreading was ruled out because the results were not affected 
by spreading from solutions containing varying proportions of petrol ether 
and butanol. The vinyl ether could also be spread successfully (but with 
difficulty) from benzene solution. 

The acid substrate could not have been exerting a simple “salting out”’ 
effect as no expansion of the film was noted on 1 N KCl or on alkali. 

The possibility of reaction in the monolayer was considered in some 
detail, as vinyl-alkyl ethers are known to be extremely reactive. Possible 
reactions considered included acid-catalyzed hydrolysis to acetaldehyde 
and cetyl alcohol (19), addition of hydrogen chloride across the double bond 
(20), and acid-catalyzed polymerization to form poly cetyl-vinyl ether (21). 

Hydrolysis seems very unlikely as the shapes of the I-A, AV-A, and y-A 
curves do not check with those of long-chain alcohols (1). 

The same areas were observed when cetyl-vinyl ether was spread on 
HCl and H.SO, substrates of similar acidity. This fact argues against 
addition across the double bond because the two acid anions are of quite 
different character, and this would be reflected in the properties of the 
films, had addition actually taken place. 

A sample of poly cetyl-vinyl ether was prepared and spread as a mono- 
layer, as part of this work. Results are discussed in detail below, but Fig. 7 
shows its properties to be different from those observed for the ether 
monomer on any given substrate. 

Finally, a strong argument against any reaction in the monolayer having 
taken place is the fact that the ether film results were reproducible. The 
films were all compressed soon after spreading but not after precisely the 
same time interval. If any reaction were responsible for the change in 
properties one would expect the results to be a function of the time between 
spreading and measurement. Such a dependence was never observed. 

The simplest complex of a hydrated proton with a long-chain ether 
molecule at the interface would be one formed by the donation of a pair of 
electrons from the ether oxygen atom to the hydronium ion to form a 
coordinate link, as indicated below. 


SS 
CH, 
va 
H.C 
\e 
O—CH 
SS 
CH, 
©) 
aa 
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This structure would seem to be attractive as such a complex would be 
firmly anchored to the water by the strong attraction between the hy- 
drated proton and its gegen ion. The charge separation between the two 
ions would also reinforce the surface dipole moment, and so an increase in 
moment with increasing substrate acidity would be expected. Such com- 
plexes were postulated long ago by Schulman and Hughes (22) to explain 
the behavior of monolayers on acid substrates. The difficulty is, however, 
that Schulman and Hughes noticed little or no effect at acidities less than 
1 N, whereas the cetyl-vinyl ether shows marked changes at much lower 
acidities. Also, nothing similar was noted with films of cetyl-ethyl ether. 
If coordination were entirely due to the ether oxygen atom complex forma- 
tion should have taken place more readily with the saturated ether with 
its more negative oxygen atom. 

It appears, therefore, that coordination of the hydronium ion by vinyl 
ether, if it occurs, must involve the vinyl double bond. Thus, one could 
write: 


NS 
CH, 
va 
H.C 
IS 
O—CH 
NN 
@CH, 
H 
| 
O 
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H 
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This complex is in accord with the generally accepted first step in the 
hydration of double bonds in acid solution (23), and it would result in an 
increase in film stability and surface moment for the same reasons as given 
above. Its stability would be expected to be a function of the availability of 
pi electrons at the terminal carbon atom; this would explain why no evi- 
dence of such a link was observed with vinyl stearate. No such complex is 
possible, of course, with cetyl-ethyl ether. 

The picture is complicated, however, by the fact that there is evidence 
(24) that the initial step in hydrolysis of alkyl vinyl ethers is the coordina- 
tion of the hydronium ion with both the double bond and the ether oxygen 
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atom, in the fashion: 


clo 


The increased stability of this complex over one requiring coordination to 
the ether oxygen atom only is shown by the fact that the rate of hydrolysis 
of vinyl-ethy] ether is thirteen orders of magnitude greater than the rate for 
diethyl ether, under similar conditions (19). 

Probably, all three of the above complexes are involved, with the major 
contribution coming from the latter two. 

There remain the questions of why cetyl-vinyl ether does not show an 
expanded film at low surface pressures as does cetyl-ethyl ether, and why 
its I-A curves on substrates of moderate acidity show linear portions extra- 
_ polating to areas greater than 19 A.’. 

The first is probably to be ascribed to the greater attraction of the double 
bond to the polar medium, reducing its tendency to be ejected at low pres- 
sures (cf. p. 199). As to the second question, examination of scale models 
shows that the difference in the O—C—C bond angle due to the unsaturated 
vinyl group (125° vs. 109°), plus the rigidity of the unsaturated structure, 
does not allow as close packing of the hydrocarbon chains as is possible 
with cetyl-ethyl ether. Thus, some increase in area is not surprising. 

Finally, let us consider the behavior of all four compounds on the very 
concentrated acid solutions. With each, there is an increase in AV of ca. 
100 mv. and in p of ca. 60 mD. when values at similar areas on 1 N and 5 N 
HCl are compared. These increases are, certainly due to salt formation, as 
suggested by Schulman and Hughes and as indicated above. The presence 
or absence of vinyl double bonds seems to have little effect on this, the 
increase in uw being of approximately the same magnitude and occurring at 
approximately the same acidity for all four compounds. 

The limiting area found for poly vinyl stearate on 0.05 N HCl was found 
to be 26 A.2 per monomer residue, which would indicate reasonably close 
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packing of the polymer side chains. The maximum surface moment was 
found to be 207 mD., almost exactly that for ethyl stearate, indicating that 
the polar groups in the polymer molecule are similarly oriented at the 
interface. 

Examination of scale models shows only one possible structure for the 
polymer molecule which allows vertically oriented side chains with reason- 
ably close packing and the ester group in the configuration shown in Table 
I(A). This is with the polymer chain in vertical zigzag arrangement and 
the side chains all on one side. With the side chains as in Table I(A) the 
polymer chain would extend normal to the paper with the side chains at- 
tached to every other carbon atom (the ‘upper’? one with the polymer 
chain in a vertical zigzag arrangement). 

It is interesting to compare these results with those of Crisp (2) and 
Schick (5), who studied monolayers of polyvinyl acetate, and found this 
to take not the ¢rans but the czs configuration (7) at the air/water interface. 
Examination of scale models shows that, with the polymer side chains in 
this latter configuration, the polar groups are more exposed to the water 
than they are in the trans. One would, therefore, expect that in a polymer 
with short side chains this configuration would prevail. However, the czs 
configuration does not allow close packing of the side chains and in poly 
vinyl stearate, where these are long, the attractive forces between these 
are sufficient to orientate the polar groups into the trans structure. 

The II-A curves for poly cetyl-vinyl ether show a limiting area of ca. 21 A, 
indicating close packing of the side chains. The surface moment at 20 A. 
is 211 mD., almost identically that found for cetyl-ethyl ether, again 
indicating that the C—O dipoles in the polymer are orientated as in the 
saturated ether. Referring again to molecular models it is seen that if the 
polymer side chains take a configuration as in Table I(C), and the polymer 
chain is put in a vertical zigzag arrangement normal to the paper with the 
side chains on one side of the main chain, a quite satisfactory polymer 
structure results in which the side chains are able to close pack and the ether 
linkages have an orientation relative to the water like that indicated in 
Table I(C). 


SUMMARY 


Monolayers of vinyl stearate and cetyl-vinyl ether, spread at an air/water 
interface on substrates of different acidity (0.005 N-5 N HCl), have been 
examined by the techniques of surface pressure, surface potential, and 
surface moment. The vinyl compounds were chosen as representative of 
monomers subject in the one case to free radical polymerization, and in the 
other to cationic polymerization. Parallel studies of the corresponding 
saturated compounds, ethyl stearate and cetyl-ethyl ether, permitted an 
analysis of the influence of the double bonds in the vinyl compounds. 
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All four compounds gave condensed films at 25°C. As compared with 
the corresponding saturated compound vinyl stearate was found to have 
a substantially higher and cetyl vinyl ether a substantially lower, surface 
moment. In the case of cetyl vinyl ether the surface moment was very 
sensitive to the acidity of the substrate. These results show that the vinyl 
groups affect the properties of the monolayers in a way which can be related 
to the interaction of the adjacent polar groups with the double bonds. 

Polymers of the two monomer species were also prepared and examined 
as monolayers, the results being interpreted in terms of the structure and 
orientation of the monomer units. 
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ABSTRACT 


Previous studies have shown that small amounts of amphipathic (i.e., polar non- 
polar) molecules, in particular oleamide, cause a marked lowering of the coefficient 
of friction between thin films of polyethylene. In this paper the surface chemical 
properties of the aging film and the nascent film (i-e., during the flat film extrusion 
process) have been studied. The wettability (contact angle) and friction of the aging 
film at room temperature show that the friction is reduced only when sufficient addi- 
tive is present to form a weakly held monomolecular layer. This monolayer is formed 
by almost complete exudation of the additive from the bulk. Contact angle measure- 
ments show that the molecules become oriented on the surface such that the polar 
groups are in contact with the polyethylene and the hydrocarbon chains project into 
the air. The stability of the monolayer to water condensation is much improved by 
flame treatment of the film immediately on extrusion. On preparing film by extrusion 
through a water-quenching bath it has been found that water adheres more easily to 
films containing oleamide. By suitable adjustments, the water bath was modified to 
form a ‘‘dynamic’’ Langmuir trough. Contact angle measurements on the emerging 
film and studies on the effect of sweeping the water surface around the emerging film 
show that the surface tension of the water is lowered by the amphipathic molecule 
being quantitatively stripped off the film as it emerges through the water/air inter- 
face. From surface pressure/area relationships, the surface concentrations of the 
spreading molecules are calculated. It is found that there is a surface concentration 
about one hundred times greater than would be expected from a uniform distribution 
of the additive throughout the polymer. This large surface excess is approximately 
proportional to the bulk concentration and implies a pronounced adsorption at the 
polymer melt/metal or polymer melt/air interface. 


INTRODUCTION 


In the production of highly transparent films of polyethylene, undesir- 
able increases in friction sometimes occur between contiguous surfaces. To 
reduce this friction, various empirical approaches have been tried, includ- 
ing the application of a solid size or addition of a surface-active agent to 
the quenching bath (1) used in flat film extrusion. Both these techniques 
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separate the polymer surface: in the first case by a ball-bearing action, and 
in the second case by a lubricating action. A third and most successful ap- 
proach made in these laboratories (2) has been to incorporate a variety of 
amphipathic molecules (i.e., polar nonpolar) into the raw polymer before 
fabrication of the film. These materials exude to the surface to form a thin 
layer, effectively preventing much direct polyethylene-to-polyethylene con- 
tact. 

In industrial application, we need to know how much additive is required 
to reduce friction to an acceptable level and what effect the additive has 
on the processes of heat sealing (3) and preprinting treatments (4, 5). Con- 
versely, these processes affect the friction when additives are used. Again, 
when films containing additives are made by extruding the molten polymer 
into a water quenching bath (the flat film extrusion process), these films 
pick up drops of water more easily than films without additives. 

To study these problems, various well-known techniques of surface chem- 
istry have been adapted to the study of both nascent and aging films. In 
any particular instance, the information has not been sufficient to present 
a complete analysis, but a survey of the diverse experiments and observa- 
tions shows that the processes can largely be understood and discussed in 
relation to well-accepted theories. In addition, there is evidence to suggest 
that the amphipathic molecules are surface-active at the molten polymer/ 
air and/or molten polymer/metal interface. 


I, EXPERIMENTAL 
A. Materials 


Film-grade polyethylene resin of density 0.923 was used throughout these 
experiments. Stearamide and oleamide were either milled into the poly- 
ethylene for friction and extrusion studies or made up into a 0.1% solution 
in a mixed solvent of petroleum ether (b.p. 60°-70°C.)/isopropyl] alcohol 
for surface balance studies. 


B. Apparatus and Methods 


1. Extrusion. A diagram of the apparatus is shown in Fig. 1. The film 
A emerges from the die B into the water in the bath C and under a roll D 
near the bottom. (When required, the edges of the film can be removed 
by razor blades fixed at #.) From this roll the film passes under a second 
roll F (the cut-off edges being deflected to the narrow section of the roll) 
and then upwards, vertically over a bar G fixed about 6 inches above the 
liquid surface, to the take-up rolls H. The peripheral speed of these rolls 
can be adjusted from 5 cm./sec. to 100 cm./sec. The quench tank is placed 
on three laboratory jacks (J) so that it can be leveled and the distance be- 
tween the die and the water surface adjusted. 
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(c.) 


Fie. 1. Extrusion apparatus for measuring contact angles and spreading rates 
from moving film. 


2. Contact Angle of Moving Films. To measure the receding contact angle 
between the film and the water, the water level is raised above the quench 
bath rim by making the latter hydrophobic. Polyethylene tubing, Fig. 10, 
is split along its axis, pushed over the tank rim, and coated with paraffin 
wax. With a light source K and lens L (Fig. 1c), a magnified image of the 
meniscus is projected onto a screen M. By placing a moving picture camera 
at N, the receding contact angle can be recorded and later measured from 
individual frames of the film. In this way, the effect of vibration is reduced 
to a minimum. 

Overflow at a desired place is achieved by cutting a notch in the poly- 
ethylene rim and regulating the liquid supply so that the level is maintained 
at a suitable height above the rim. 

3. Sweeping the Quench Liquid Surface. To measure changes taking place 
when sections of the trough were isolated from the overflow or, alterna- 
tively, to make a new surface by sweeping, glass strips were coated with 
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paraffin wax and placed across the trough rim (O, O’ Fig. 1). To sweep a 
section, the barriers were placed close together on either side of the film, 
lowered across the trough, and caused to slide apart on the rims until ie 
desired area was swept, maintaining the slides parallel to each other and 
at right angles to the trough. 

4. Contact Angle of Stationary Films. A simple projection technique pre- 
viously described (6, 7) was used in these experiments. 

5. Film to Film Coefficient of Kinetic Friction. The simple strain gauge 
technique has been described elsewhere (8), the films being supported on a 
table of polytetrafluoroethylene. 

6. Surface Tension Lowering: The Film Balance. The surface pressure/ 
area relation of spread monolayers at the air/aqueous interface was meas- 
ured with a standard ‘“‘Cenco Hydrophil” tray and torsion balance, but 
using Vaselined silk threads and the simplified float described by Allan and 
Alexander (9). 


II. Toe Acine Fitm 


Additives which improve frictional properties are typical amphipathic 
molecules, e.g., stearamide, oleamide, palmitamide, and myristamide. Of 
these, oleamide has been found to be most effective in commercial practice. 
These molecules should orient themselves at the hydrocarbon film/air in- 
terface so that the polar group is in contact with the medium of higher di- 
electric constant—in this case polyethylene—and the free surface energy 
of the system is a minimum (10). It is well known that metallic friction is 
reduced most effectively when a close-packed monolayer of the amphipathic 
molecule is formed which has a high lateral adhesion between the hydro- 
carbon chains and firm anchorage to the metal by the formation of soaps 
(11). There is no such soap formation in the case of polyethylene, but it 
seems reasonable to suppose that friction will be reduced to a low value 
(ca. 0.1) only when a close-packed monolayer is formed. Assuming that 
the additive exudes to the surfaces with no losses in the preparation of the 
film, the minimum concentration of additive required in the original poly- 
mer, Cz, in parts per million by weight is given by 

M 
ptNA ’ 


where M = molecular weight of the additive, g; 


C,; = 2x10" (1] 


p = density of the polyethylene, g./c.c.; 
t = film thickness, cm.; 
N = Avogadro’s number = 6.023 10”; and 


A = minimum area in the close-packed monolayer from film bal- 
ance studies (28 A.?/molecule, Fig. 10). 
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For example, this relationship shows that, from a polymer containing 
100 p.p.m. of oleamide, films of 50 » thickness will have a close-packed 
monolayer present, whereas films of 25 u thickness will not. To illustrate 
the importance of this, Fig. 2 shows the effect of concentration of oleamide 
on the coefficient of kinetic friction of films of 38 » thickness prepared by 
the blown film extrusion process. By calculation, the monolayer is com- 
pleted at A and higher concentrations show a marked reduction in friction. 
The various curves refer to increasing times after extrusion. For low con- 
centrations of the additive, the friction is apparently erratic. With film ex- 
truded by the flat film process, a similar effect was observed. Figure 3 
shows the variation of coefficient of kinetic friction with time for a poly- 
ethylene into which was milled 180 p.p.m. of oleamide. It is seen that the 
thin film (38 » thickness) reaches a low friction after some 500 hours, 
whereas the thick film reaches its lowest value after only 3 hours. 

These results are consistent and suggest that the monolayer requirement 
seems reasonable and, further, the rate of diffusion or exudation of the 
amphipathic molecule at room temperature is slow, since even with films 
of 100 u thickness some hours elapse before a complete close-packed mono- 
layer is formed on the surface. 

It is interesting to speculate why the friction with incomplete monolay- 
ers is erratic and occasionally higher than the friction of the polymer with 
no additive (Figs. 2 and 3). It is possible that a certain proportion of the 
amphipathic molecules emerge polar head first, thereby increasing the sur- 
face energy and friction. (This would be analogous to the results of Zisman 
and his co-workers (12), who found marked increases in friction of high 
polymers when the concentration of polar groups on the high-polymer chain 
increased. ) 


MONOLAYER COMPLETED 


COEFFICIENT OF KINETIC FRICTION, py 


0) 50 100 150 200 250 300 
CONC. OF OLEAMIDE IN BASE RESIN, PARTS / MM 


Fig. 2. Effect of oleamide concentration on the coefficient of kinetic friction. 
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Fic. 3. Effect of time on the coefficient of kinetic friction for various film thick- 
nesses of a polyethylene containing 180 p.p.m. of oleamide. 


oo 
@ 
= 90 
=a! 
Ss =x 
S 80 > 
« cn | 
i m 
q 2 
= 70 1200 - 
iL a) 
. 1000 ft 
=a ii 
[c) 800 @ 
z x 
s 600 © 
o to) 
ras 400 3 
Ss s 
o 200 © 
2 


10 20 40 7010 20 40 70100 200 400 1000 
TIME AFTER EXTRUSION, HOURS 


Fic. 4. Effect of time on (a) contact angle, (b) heat seal peel strength for a poly- 
ethylene containing 180 p.p.m. of oleamide and of 50» thickness. © dry; @ 50% rela- 
tive humidity; @ 90-100% relative humidity. 


The work of Rideal and Tadayon (6) with stearic acid suggests that such 
a condition of high polarity is metastable and the molecules are capable of 
overturning into their configuration of lowest free surface energy (i.e., non- 
polar end outwards toward the air). This should be detectable by contact 


angle studies. 
Changes in contact angle with time after extrusion of polyethylene film 
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containing 180 p.p.m. of oleamide are shown in Fig. 4a. There is seen to be 
no significant effect of relative humidity under these conditions where no 
liquid water condensed onto the film. The contact angle shows a marked 
reduction between 10 and 40 hours, being restored to a value greater than 
90° after 40 hours. This change in the surface was confirmed by measure- 
ments on heat sealing (3) of two surfaces together. Figure 4b shows the 
heat seal peeling strength at a given temperature of sealing. There is seen 
to be a temporary reduction in strength of the heat seal (overcome by rais- 
ing the sealing temperature) which can be attributed to the presence of 
polar heterogeneities which hinder the coalescence of the hydrocarbon. 

The presence of an oriented monolayer is further suggested by the dra- 
matic effect on the stability of the low friction surface when the polyethyl- 
ene substrate has been flame treated to make it printable (7). Film con- 
taining oleamide and treated with a flame on one surface to make it 
printable was stored at 72°F. in an atmosphere of 50% relative humidity. 
On removing this film to an atmosphere of high humidity and high tem- 
perature (ca. 90°F.) the friction of the treated surface remained low but a 
high friction was produced on the untreated surface, typical of films not 
containing additives. This effect was reversible (13). 

We can summarize what can be learned from these diverse experiments 
by reference to the diagram, Fig. 5. The additive in the bulk (a) exudes to 
the surface (b) and at equilibrium produces a weakly held oriented mono- 
layer (c) which takes 1-500 hours to form, depending on the concentration 
of the additive and the surface-to-volume ratio of the film (i.e., film thick- 
ness). In the early stages of the extrusion, some of the polar heads are ex- 


FLAME FLAME FLAME 
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WATER LAYER 
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Fic. 5. The exudation of amphipathic molecules from polyethylene. 
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posed, causing higher friction and lower contact angles, and requiring 
slightly higher heat-sealing temperatures. The treatment of the surface to 
render the film printable results in the deposition of relatively firmly an- 
chored polar groups (7, 14), as at (d), so that the monolayer of additive is 
more firmly held (e). Removing the film to a warmer atmosphere of high 
humidity, producing condensation on the cold film, easily disrupts the mon- 
olayer on the untreated side, whereas the monolayer on the treated side 
remains stable (f). 

At the present time, this simple picture seems to explain all the diverse 
observations made on aging films. 


Ill. Toe Nascent Fim 


In the flat film extrusion process described above films prepared from 
polymers containing amphipathic additives pick up drops of water from 
the bath more easily than films without additives. Experiments on the 
moving film enable this phenomenon to be understood. 


A. Contact Angles and Water Pickup with Overflow 


The receding dynamic contact angle (@,) was measured for a variety of 
film thicknesses, speeds of withdrawal, and additive concentrations. A se- 
lection of the results is shown in Figs. 6a and 6b. For a constant film thick- 
ness (Fig. 6a) it can be seen that the plot of cosine 6, versus film speed be- 
comes progressively more convex to the abscissa at lower speeds as the bulk 
concentration of additive is increased. Since it can be shown (Appendix) 
that the speed at which water is picked up depends only on the static re- 
ceding contact angle and the surface tension of the quench bath liquid, 
these results imply a reduction in surface tension of the liquid as speed is 
increased, this reduction at any given speed clearly depending on the con- 
centration of oleamide in the polymer. Thus, appreciable quantities of the 
additive spread onto the water surface as the film emerges. 

Figure 6b shows that, at any particular additive concentration and film 
speed, the contact angle decreases as the film thickness increases. Again, 
the speed at which water is picked up is critically dependent on film thick- 
ness when the additive is present, but independent of film thickness when 
the films are free from additive (Fig. 7). These are important and interest- 
ing results since they show that even prior to the film emerging from the 
quench bath, an excess of oleamide has emerged onto the surface; other- 
wise, film thickness would have no effect on the contact angle or on the 
speed at which water was picked up. 


B. Sweeping Experiments 


It had been found that stopping the overflow resulted in rapid pickup 
of water on the film. With the sweeping technique described above, this 
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Fic. 6. The relation between speed and receding contact angle. (a) effect of ole- 
amide concentration (in p.p.m.) (film thickness 50 w) (6) effect of film thickness (ole- 
amide concentration 240 p.p.m.). 


could be examined quantitatively. The time taken from commencing the 
sweep to water pickup on the film was measured for several speeds, film 
thicknesses, and additive concentrations. It was found that in all cases the 
time taken for water pickup to commence was proportional to the area of 
water surface swept out and decreased as the speed increased. An example 
of the results is shown in Fig. 8. This suggests that the additive spreads 
on to water at a quantitative rate governed by the concentration of mole- 
cules on the film surface. 

It was observed that even after water pickup commenced from a closed 
area, the oleamide continued to spread on the stagnant surface until erys- 
tals were formed. However, long before this point of crystal formation and 
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Fic. 7. Effect of film thickness on speed at which water pickup commences for 
films from polymers containing various concentrations of oleamide (in parts per mil- 
lion). 
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Fic. 8. Effect of trough area swept out on time to commence water pickup at con- 
stant film thickness. 


long after water pickup commenced, a few talc particles sprinkled on the 
surface and gently blown about suddenly appeared to “freeze” showing 
that a solid invisible gel-like film was formed. With the sweeping technique, 
this surface gel point was measured for several speeds, film thicknesses, and 
swept areas. The time was again found to be reproducible, proportional to 
the area of clean surface originally swept out and decreasing as film speed 
or thickness increased (Fig. 9). This again suggests that the additive spreads 
quantitatively from the film onto the water surface. In fact, the reproduci- 
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Fig. 9. Effect of area swept out on time to form a surface gel at constant speed. 


bility of both the surface gel point and the time to start the water pickup 
from a clean surface over a wide range of conditions suggests that every 
molecule free on the polyethylene surface is stripped off onto the water 
surface as the film emerges. 


C. Film Balance Studies 


To calculate the concentration of molecules on the water surface, and 
thus on the film surface, it is necessary to know the surface area/surface 
tension lowering characteristics of monolayers of this class of compounds 
spread on water. These curves are shown in Fig. 10. The results are in 
good agreement with earlier work by Adam (15, 16), who showed that the 
presence of a double bond in the hydrocarbon chain caused an expansion 
of the film. In the case of oleamide, the area at collapse is 28 A.?/molecule. 
At this point, however, the film remains a two-dimensional liquid and only 
at about 9 A.?/molecule does the film become solid (A, in Fig. 10). Further, 
the area of solidification is quite reproducible and implies a uniform col- 
lapsed layer three molecules thick. A reproducible gel point in collapsed 
monolayers does not seem to have been observed before, and should be 
studied further with more carefully controlled conditions of pH and a si- 
multaneous study of surface potential and surface viscosity. (It is interest- 
ing to note that the gel point was observed in the extrusion studies dis- 
cussed above before the surface balance studies were made.) 


D. Concentration of Oleamide on the Emerging Film Surface 


From the various types of data above, the concentration of oleamide on 
the film surface can be calculated, provided the conditions for water pickup 
are specified. In general, it is suggested that the surface concentration is 
frequently lowest at the film periphery, since there is an effective mechani- 
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Fig. 10. Surface pressure/area relationship for amides. 


cal pumping action of water moving down the meniscus which pushes the 
spreading molecules to the edge of the trough where they either go over 
the weir or are compressed into a monolayer of appreciable surface pres- 
sure. In all cases, the contact angle and thus the approach to water pickup 
will be affected by the surface tension at the film periphery. 

1. Time to Start Pickup from a Closed, Initially Clean Surface. Assuming 
that pickup occurs when the surface tension at the film periphery is low- 
ered from that of pure water and that this commences at an average area 
on the water surface of 59 A.2/molecule (A; in Fig. 10), we can determine 
the time taken to fill a unit area of surface from the slopes of the plots of 
time to pick up water (t,) vs. area of surface swept (A,). If every molecule 
is stripped from the film the concentration on the film surface C1’ is related 
to the concentration on the water surface C” as follows: 


co" x 2 = Oy Xx IS, (2) 


Pp 
where 1 is the film width and S is the speed. 

It is more reasonable to suppose that the surface tension at which water 
is picked up varies with the speed. By determining the speeds at which 
water is picked up (S,) from a clean flowing surface and from a saturated 
stagnant surface and assuming that these conditions refer to surface ten- 
sions of 72 dynes/em. and 42 dynes/cm., respectively, we can determine 
the surface tension at pickup for any intermediate speed from a simple 
equation, yp = aS, + 6, a and b being estimated from the limiting condi- 
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tions. We can then determine approximate values of C¥ from the surface- 
pressure vs. area curves and hence from Eq. [2] a second set of values of 
Cr. 

2. Time to Form a Surface Gel. Since the gelation occurs only when there 
is a trimolecular layer present (Fig. 10), the area per molecule on the water 
surface is now 9 A. or C¥ = 1 X 10% molecules/cm.?, and hence, as in 
Kq. [2], we have 

or a 


9 


= C,/-218, [3] 


where f, is the time to form a surface gel over the area A, (see Fig. 9). 

3. Time to Pickup with a Weir Overflow. The rate of draining away of 
the compressed monolayer will have a marked effect on the lowering of 
surface tension close to the film. In these experiments, the velocity over 
the weir was sufficient to cope with the spreading monolayer so that the 
limiting rate of spreading (i.e., when pickup occurs) of the oleamide from 
the polyethylene film is given by the speed of spreading of a monolayer at 
some relatively stationary point midway between the film and the weir. 
Accumulation of the monolayer will result in surface tension lowering close 
to the film. The speed of spreading of oleamide was approximately 10 cm./ 
sec., similar to the value for oleic acid obtained by Cary and Rideal (17). 
If C¥ close to the film is again 1.7 X 10“ molecules/cm.?, we can obtain a 
value for C;’ from 


CVS. = On aSae [4] 


where S,, is the monolayer speed and S, is the film speed at pickup. It is 
important to note that this equation is true only when water pickup oc- 
curs. 

In Table I are summarized the concentrations of molecules on the film 
surfaces when water pickup commences calculated from data similar to 
those shown in Figs. 7, 8, and 9 for films of 50 » thickness, and compared 
ie the values to be expected from a uniform distribution of additive, i.e., 
On 

We may note that (a) there is fair agreement between the surface con- 
centrations calculated from the three types of experiment, (b) basing the 
calculation on uniform distribution of the additive we get a surface concen- 
tration one hundred times too low to account for the observed effects, and 
(c) approximately 10%-20% of the close-packed monomolecular film is 
present on the surface of the film and is completely stripped off on to the 
water surface as the film emerges. 

From the experiments on film aging at room temperature, it seems un- 
likely that such a marked exudation could occur in so short a lifetime of 
the solid (i.e., < 5 sec.); and it is therefore suggested that most, if not all, 
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TABLE I 


Comparison of Calculations for the Concentration of Oleamide on the Film 
Surface at Water Pickup Speed (Film Thickness = 50p) 


Concentration on film surface molecules/cm? X 10713 


Concentration of 


oleamide in bulk Ga 
(p.p.m.) z cf C f C an 
Yp = Const yp = aSp+ 6 
100 1.9 2.0 = 3.3 0.037 
175 4.4 6.1 — 3.8 0.054 
240 6.0 5.5 6.0 4.0 0.067 
575 6.7 “a0 = 6.5 0.120 


of the molecules stripped off the cold emerging film are present on the sur- 
face of the molten film as it enters the water. This necessarily implies a 
surface adsorption either at the molten polymer/metal or molten polymer/ 
air interface. 

Surface activity in molten polymers is a new concept and analogous to 
the studies of surface activity at the oil/air interface at room temperatures 
recently discussed by Ellison and Zisman (18). In this particular case, the 
relation between the surface tension lowering and the bulk concentration 
is not known, and there is also a complex surface aging phenomenon in- 
volved. However, if we assume that a gaseous monolayer is formed on the 
surface of the molten polymer and that equilibrium is reached before the 


- film is stretched appreciably, then it can be shown that the surface excess 


is proportional to the bulk concentration (19). From Fig. 7 and Kq. [4], 
the surface concentration (C;") for unstretched film (250 » thickness) can 
be determined approximately by extrapolation and is found to be directly 
proportional to the bulk concentration (Cs" = 4 X 10"Cs , where Ce isin 
molecules/em.2 and Cz is in parts per million of additive in the polymer). 

From this calculation and Table I, it is evident that a marked surface 
excess has been demonstrated and related to the bulk concentration. In 
conclusion, it may be suggested that the rate of diffusion of solute molecules 
in this molten hydrocarbon polymer is not drastically lower than the diffu- 
sion in a liquid hydrocarbon of low molecular weight at room temperature. 


Appendix 


Considering the polyethylene film/air/water junction, water pickup will 
occur as soon as it is necessary to do more work to remove the water from 
the film than to break the water surface. Two factors must be considered : 
the relation between the free surface energies of the components of the 
system and the relative motion of the two materials, polyethylene and 
liquid. When the film emerges from the liquid at some speed S, the forces 
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Fig. 11. The air/emerging film/water junction. 


involved are those shown in the diagram Fig. 11. The surface free energies 
of the interfaces liquid/air, solid/air, solid/liquid are given by yra, Ysa ; 
and ysz, respectively, and the receding contact angle between the solid 
and the liquid is 6, . The relative motion of the solid through the air/water 
interface imparts an acceleration to the liquid mass which results in an 
additional stretching force on the liquid. This will be some function of the 
speed of withdrawal, the liquid viscosity, and density. Let us assume that 
this force is kS”, where n is less than one. The well-known equation (refer- 
ence 19, p. 41) 


Ysa = Yxa COS 6,9 + gz [5] 
becomes 
ysa + kS" = ysr + yx COS 6, , [6] 


where 0,° is the static receding contact angle and 6, the receding contact 


angle when the film is moving at a speed S. Substituting for ys4 from [5] 
in [6], we have 


KS" = xa (cos 6, — cos 6,°), [7] 
or 
cos 6, = = + cos 6,°, [7a] 
VA 


and if, when water is picked up on the film, 6, = 0, then 
kS,p" = yra(1 — cos 6,°), [8] 


where S, is the speed at which water is picked up on the film. Similarly, 
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water is picked up on the film when 
kSy” = W st = W. ) [9] 


where W, is the work of cohesion of the liquid = 2y,4 and Wg, , the work 
of adhesion, is given by the Dupré equation (19) 


Wst = Ysa + Vite > THe E [10] 


By substituting for Ws, and W, in [9] and using Eq. [5], we again obtain 
Eq. [8], suggesting that at this point of pickup of water the receding contact 
angle is indeed zero, and that the speed at which water is picked up is de- 
termined solely by the static receding contact angle and the surface ten- 
sion of the quench bath liquid. 
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INTRODUCTION 


Measurements of the dynamic mechanical properties of poly-n-butyl 
methacrylate over a wide range of frequencies have been reported previ- 
ously (1), as part of a cooperative study of a series of methacrylate poly- 
mers undertaken with the Feltman Research and Engineering Laboratories, 
Picatinny Arsenal. We now present similar data on a series of four concen- 
trated solutions of the butyl polymer, ranging in concentration from 30% 
to 60% by weight. Analysis of the frequency and temperature dependence 
reveals the effects of low molecular weight diluent on the monomeric fric- 
tion coefficient, the entanglement spacing, and other features which deter- 
mine viscoelastic behavior. 


MATERIALS AND MEtrHODS 


The polymer was Fraction FF-1 described previously (1), with a weight- 
average molecular weight of 3.05 X 10°. The solvent was diethyl phthalate, 
obtained from Brothers Chemical Company, boiling point 127-128° at 3 
mm. pressure. The solutions were made up by swelling the finely divided 
polymer (dried from the frozen state) in the solvent and then (depending 
on the consistency) homogenizing either by very slow stirring with a mag- 
netic stirrer, by alternately molding under pressure and cutting into small 
pieces, or by extruding through grooves in a mold plunger. The temperature 
during these manipulations did not exceed 70°C. 

The densities of the 40.3% and 60% solutions were determined by pyc- 
nometric measurements, and those of the others were calculated assuming 
“ : a XXXI of a series on Mechanical Properties of Substances of High Molecular 

eight. 

* Present address: Chemstrand Corporation, Decatur, Alabama. 


’ Present address: Esso Research and Engineering Company, Linden, New Jersey. 
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a linear dependence of the specific volume on weight fraction. Refractive 
index measurements were made over a wide range of temperatures by the 
method of Jenckel and Heusch (2), using an Abbé refractometer placed in 
a room at —5° and further cooled by circulating trichloroethylene chilled 
with Dry Ice or liquid air. These measurements provided the glass transi- 
tion temperatures (7',) of two of the solutions, together with estimates of 
thermal expansion coefficients (a) both above and below 7’, , calculated 
from the Lorenz-Lorentz equation. The results are summarized in Table I. 

Measurements of the complex shear compliance (J* = J’ — J”) were 
made between 10 and 2400 cycles/sec. with the Fitzgerald Apparatus (3). 
Two pairs of disc-shaped samples were used for each solution, molded at 
40°C. (in some cases with brief heating to 70°C.). Detailed descriptions of 
the samples follow. 


380% Solution 


Samples 118, approximate dimensions 1¥¢ in. diam. by 1» in. thick- 
ness, were compressed slightly in the apparatus and the nominal sample 
coefficient (A1/h1 + Ao/h2, where A and h are the respective face areas 
and thicknesses) was 62.0 cm. at 25°C., calculated from the thicknesses 
in situ and the masses and density of the samples. Measurements were 
made at approximately 5° intervals from —30° up to 0°, followed by a 
check run at — 10°. The exact temperatures are given in the legend of Fig. 
De 

Samples 119, approximatedimensions 114g in. by 14. in., were compressed 
slightly, and the nominal sample coefficient was 22.7 cm. at 25°C. Measure- 
ments were made at approximately —30°, —40°, —50°, —45°, —35°, —25°, 
—15°, —20°, and —10°C. (Samples 118 experienced the same temperature 
sequence, but were not measured at the lower temperatures because of 
the high sample coefficient.) Values of J’ and J” from Samples 119 were 
about 12% higher than those from 118 at corresponding temperatures; 
since the latter were considered less reliable because of the extreme thin- 


TABLE I 
Density and Refractive Index Data 


nn UU 


Concentration, weight per cent 30.0 40.3 50.0 60.0 
Density at 25° C., g./c.c. (1.093) 1.086 (1.079) 1.072 
Concentration, g./c.c. 0.334 0.445 0.549 0.654 
Refractive index at 25° C., n 1.493 1.491 1.489 1.488 
iB <—75° <—75° —67° —46° 
dn/dT above Ty, X 10# —4.10 —3.93 —4.00 —3.68 
dn/dT below T',, * 104 = = —1.99 —2.98 
a above T',, X 104 6.5 6.2 6.5 6.1 
a below T,, X 10 = == aysl 4.8 
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ness and the difficulty of its measurement, they were multiplied by an 
empirical correction factor of 1.12. 


40.8% Solution 


Samples 96, approximate dimensions 114¢ in. diam. by } in. thickness, 
were compressed in the apparatus about 6 % and the nominal sample coefhi- 
cient was 16.0 cm. at 25°C. Measurements were made at approximately 
—25°, —30°, —35°, —40°, —49°, —45°, —20°, and —15°, followed by a 
check run at —25°. The values of J’ and J” from the check run were about 
13% higher than those from the initial run at — 25°. 

Samples 97, approximate dimensions 114 in. by 4¢ in., were compressed 
about 6%, and the nominal sample coefficient was 28.7 em. at 25°. Meas- 
urements were made at approximately —15°, —25°, —20°, —15° (check 
run), approximately 5° intervals from —5° to 25°, then —10°, and finally 
a check run at —15°. Both the check runs at —15° agreed with the initial 
results at that temperature. The data from Samples 97 at —25° agreed 
with those from the first run at that temperature on Samples 96. The data 
of the last three runs on Samples 96 were 13% higher than those at corre- 
sponding temperatures on samples 97. The discrepancies indicated that 
Samples 96 had changed in shape after the low-temperature measurements, 
and the data for the last three runs on those samples were discarded. 


50% Solution 


Samples 115, approximate dimensions 11¥¢ in. by 1x in., were compressed 
about 2% and the nominal sample coefficient was 16.7 cm. at 25°. Measure- 
ments were made at approximately 5° intervals from 15° down to —15°, 
followed by a check run at 15° which yielded values of J’ and J” about 7% 
higher than the original results at that temperature. (The exact tempera- 
tures are given in the legend of Fig. 2). 

Samples 116, approximate dimensions 11¥¢ in. by 1%» in., were com- 
pressed about 7%, and the nominal sample coefficient was 54.0 em. at 
25°C. They experienced the same temperature sequence as Samples 115; 
measurements were made at approximately 5° intervals from 15° down 
to —5°, and then at 20°, 25°, 35°, and 45°, followed by a check run at 
15° which agreed within 2% with the original results at that tempera- 
ture. The data from Samples 115 and 116 agreed closely at overlap- 
ping temperatures (except for the final run at 15° on Samples 115, 
which was rejected), and no empirical correction factor was applied. 


60% Solution 


Samples 104, approximate dimensions 11¥¢ in. by 1 in., were compressed 
slightly in the apparatus and the sample coefficient was 16.6 cm. Measure- 
ments were made at approximately 25°C., then at intervals of about 5° 
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from 0° down to —15°, and intervals of about 5° from 5° up to 40°, fol- 
lowed by check runs at 25° and —5° which agreed well with the initial 
results. (The exact temperatures are given in the legend of Fig. 1.) 

Samples 105, approximate dimensions 5/¢ in. by 3/¢ in., were compressed 
about 6 % and the nominal sample coefficient was 2.71 em. They experienced 
the same temperature sequence as Samples 104; measurements were made 
at 5° intervals from 0° down to —45°, all completed before the higher tem- 
perature measurements on Samples 104, followed by check runs at 25° 
and —5°. The values of J’ and J” were about 10% higher than those of 
Samples 104, and since this is in the expected direction for bulging of the 
thicker samples, the data for Samples 105 were corrected by an empirical 
factor of 0.90. 

Sample coefficients at temperatures other than 25° were always calcu- 
lated from the thermal expansion coefficients, assuming no change in sam- 
ple thickness. In advance of the data of Table I, a was estimated by linear 
interpolation between the values for polymer and solvent, giving values 
near 7 X 107+ deg.—', in satisfactory agreement with Table I for the pur- 
poses of this calculation. 


RESULTS 


For brevity, the original data are shown only for the 60% solution; J’ 
and J” are plotted logarithmically in Fig. 1 for 18 temperatures ranging 
from —43.6° to 39.9°C. Here, the entire transition from glasslike to rubber- 
like consistency is encompassed. The data for the other solutions were 


10% 


108 


J’ IN CM7DYNE (LOGARITHMIC) 


1010 10? 10° 10+ 10 10? 10% 10 
FREQUENCY IN CPS (LOGARITHMIC) FREQUENCY IN CPS (LOGARITHMIC) 

Fic. 1. Variation of the real part of the dynamic shear compliance, J’ (left) and 
the imaginary part, J” (right) with frequency for 60% poly-n-butyl methacrylate in 
diethyl phthalate at 18 temperatures; numbers follow the temperature sequence 
—43.6°, —40.1°, —34.6°, —29.9°, —24.4°, —20.1°, —15.0°, —9.5°, —4.8°, 0.2°, 5.7°, 9.6°, 
14.8°, 19.7°, 24.6°, 29.7°, 34.6°, and 39.9°C. 
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qualitatively similar except that they did not extend to low enough tem- 
peratures to reach the glassy end of the transition. 

A standard temperature of 0°C. was chosen for reduction, since the stand- 
ard of 100° which has been used for the series of undiluted methacrylate 
polymers (1) was inaccessible. With the usual formulas, J’, and J”, were 
calculated; logarithmic plots of these functions could be superposed very 
well by the usual shift factors a7 except for two anomalies which are 
familiar in the undiluted polymethacrylates: one at very low temperatures 
in the 60% solution, and another near the maximum of J” in all four solu- 
tions. 

The empirical a7 values followed closely equations of the WLF form (4): 


log ay = —c¢,°(T — To)/(c2® + T — To), {1] 


and values of a7 calculated therefrom were actually used for the final 
logarithmic plots of J’, and J”, against reduced frequency, waz , which are 
shown in Figs. 2 and 3. The coefficients c;° and c2° are given in Table II. 


=o) 


LOG J% IN CMYDYNE 


° ' 2 3 4 5 6 7 8 9 
LOG Way 


Fig. 2. Real part of the complex compliance, J’, for the 4 solutions with concentra- 
tions indicated, reduced to 0°C. and plotted logarithmically against reduced fre- 
quency with reduction factors calculated from the WLF equation with the coefficients 
in Table II. Successive counterclockwise rotations of pips (starting with pip down at 
highest reduced frequency) correspond to the following temperature sequences: 
30%, —49.4°, —44.7°, —40.1°, —34.5°, —29.6°, —24.1°, —19.3°, —14.8°, —9.8° and 
—0.1°; 40.3%, —48.9°, —44.3°, —40.2°, —35.0°, —30.0°, —24.9°, —20.0°, —15.0° 9 8° 
—5.3°, —0.4°, 4.9°, 9.4°, 15.0°, 19.8°, and 25.2°C.; 50%, —14.7°, —9.8°, —4.8°, ~0.3°, 
4.7", QO" '14,9°9 200° 25:37) 35.9°, and 47.1°; 60%, same as in Fig. 1. ; 
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Fig. 3. Imaginary part of the complex compliance, J”, for the 4 solutions, reduced 
and plotted as in Fig. 2. 


TABLE II 
Parameters for Temperature Dependence of Relaxation Mechanisms 


Concentration, wt.% 30.0 40.3 50.0 60.0 1002 
a. (To = 273° K.) 9.58 9.95 9.98 12.80 = 
co (To = 273° K.) 163.3 166.6 153.1 157.3 = 
ay X 101, deg. 2.8 2.6 2.8 2.2 2.6 
t, = oe 0.024 0.024 0.026 


2 From reference 1, for Fraction FF-2, considered to be the more reliable. 


The parameter a; , interpreted as the thermal expansion coefficient of 
the relative free volume (4), may be calculated from ¢;° and c2°, and is also 
given in Table II. The values fluctuate somewhat but are all of similar 
magnitude. For the two solutions whose glass transition temperatures are 
known, f, , the fractional free volume at 7’, , can also be calculated and is 
given in the table; it is gratifyingly close to the approximately universal 
value (4) of 0.025. 


Repuctrion ANOMALIES 
Low-Temperature Anomaly 


The progressive drop in J”, at the lowest temperatures on the reduced 
plot is reminiscent of, though less marked than, the behavior of undiluted 
poly-n-dodecyl methacrylate (5), which was attributed to crystallization 
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of the side groups; it resembles the latter more than the anomaly in poly- 
ethyl methacrylate (6), which was attributed to a 8 mechanism. Conceiva- 
bly, the plasticizer may be crystallizing out here, but no attempt has been 
made to clarify this anomaly since our major interest is in the behavior 
at the lower end of the frequency scale. 


High-Temperature Anomaly 


The divergence in J”, near its maximum after reduction is an exagger- 
ated form of the anomaly which has already been seen in the undiluted 
n-butyl, n-hexyl, and n-octyl polymers, and it can be analyzed in the same 
manner (7). If increasing the temperature from 7’) to T increases the aver- 
age degree of polymerization between entanglement coupling points, Z, , 
by a factor f, then it follows from theories such as that of Bueche (8) that 
a reduced logarithmic plot like Fig. 3 will shift upward by log f and to the 
left by 2 log f. Thus, values of the relative entanglement factor f can be 
determined empirically from the divergences in Fig. 3. It turns out that, 
just as in the case of the undiluted polymers, log f is a linear function of 
1/T, and the slope corresponds to an apparent heat of dissociation of en- 
tanglement points of 2.1 keal./mole for all four solutions. This value is 
intermediate between those of 1.6 kcal. for undiluted poly-n-octyl methac- 
rylate and 2.3 kcal. for the undiluted butyl and hexyl polymers (7). 

Using 2.1 keal./mole, calculated values of f (based of course on 273°K. 
as reference temperature) were applied to complete the reduction of J’ and 


log wa, /t 


Fig. 4. Real part of the complex compliance for the 4 solutions in the low-fre- 
quency range, reduced to 0°C. for temperature dependence of both ar and f. Tempera- 
ture key to pips same as in Figs. 1 and 2. 
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J” for both a7 and entanglement anomaly, plotting J’,f and J” pf against 
war/f?. The results are shown in Figs. 4 and 5, and manifest excellent super- 
position. The f-shift does not make so much difference to J’ because its 
direction is near the slope of the curve itself; at higher frequencies, both 
log J’ and log J” acquire essentially the same slope as the direction of the 
shift, so that the effect of the latter vanishes as previously explained (7). 
The further success of this treatment lends confidence to its applicability, 
even though the significance of the apparent heat of dissociation is still not 
clear. 

Such a dependence of entanglement point density on temperature would 
imply that the apparent activation energy for viscous flow must be higher 
than that for local frictional motion as revealed by mechanical behavior in 
the transition region—in this case, by about 7 kcal. Steady-flow viscosity 
measurements are yet not available for any of the methacrylate systems 
for which the entanglement anomaly has been observed. In polyisobutylene, 
by contrast, this anomaly is clearly absent as evidenced by the virtual iden- 
tity (9) of the temperature dependences of steady-flow viscosity and seg- 
mental relaxation times (a very slight difference in the wrong direction 
was noted) as well as the success of reduced variables near the maximum in 
J” (9, 10). Another consequence of the entanglement anomaly is that the 
break in a logarithmic plot of viscosity against molecular weight (11) should 
be temperature-dependent. The extensive data required to test this con- 
clusion are not available, however. 


log wa,/t* 


Fra. 5. Imaginary part of the complex compliance for the 4 solutions in the low- 
frequency range, reduced to 0°C. for temperature dependence of both ar and f. 
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TABLE III 


Retardation and Relaxation Spectra of Solutions Reduced to 0°C., Including Reduction 
for Change in Entanglement Density 


Log Lp (cm.2/dyne) Log Hp (dyne/cm2) 
Log rp (sec.) 
From J’ From J” From G’ From G” 
80.0% Polymer 
= 76 — —8.30 — 7.23 
—7.2 —8.00 —8.15 7.10 (reali 
—6.8 —7.74 —7.77 6.82 6.66 
—6.4 —7.52 —7.57 6.56 6.52 
—6.0 —7.15 —7.21 6.26 6.23 
—5.6 —6.82 —6.90 5.93 5.84 
—9).2 —6.55 —6.58 5.69 5.61 
4.8 = —6.34 — 5.36 
—4.2 — —6.01 = 5.06 
—3.8 —5.89 —5.83 4.82 4.76 
—3.52 —5.87 —5.82 4.61 4.75 
—3.4 —5.84 —5.78 4.59 4.78 
—3.0 —5.82 —5.76 4.44 4.51 
—3.0¢ —5.85 —5.80 4.44 4.51 
—2.6 — —5.79 — 4.41 
—2.5¢ —5.82 —5.78 — 4.36 
40.8% Polymer 
—7.6 = —9.00 = — 
—7.2 = —8.70 = se 
—6.8 — —8.52 — 7.67 
—6.4 —§.25 —8.22 (aoe Ural 
—6.0 —8.05 —8.05 el: (foilil 
—5.6 —7.80 —7.82 6.87 6.84 
— 5-2 —7.48 —7.55 6.58 6.56 
—4.8 =f AS —7.22 6.28 6.20 
—4.4 —6.85 —6.88 6.00 5.88 
—4.0 — —6.54 — 5.65 
—4.02 —6.64 —6.67 5.59 5.54 
—3.0 — —6.45 = 5.35 
—3.5% —6.36 —6.34 o. 02 5.27 
—3.2 —On2e —6.20 5.30 5.02 
—3.0¢ = Onley —6.18 5.01 5.03 
—2.8 —6.18 —6.07 4.90 5.14 
—2.52 (0), 117¢ —6.21 4.85 4.82 
—2.4 Ons —n20 4.79 4.68 
—2.0 =O.285 —6.22 4.63 4.62 
—2.02 Omen —6.16 4.64 4.66 
—1.6 —6.46 —6.36 4.29 4.89 
SS ae == —6.32 a 4.50 
ale = —6.31 — 4.94 
=1.0 = —§ Al — 4.36 


TABLE IlI—Continued 


Log Ly (cm.2/dyne) Log Hp (dyne/cm.?) 
Log Tp (sec.) 


From J’ From J” From G’ From G” 


50.0% Polymer 


—4.4 — —7.72 _ 6.70 

—4.0 —7.39 —7.39 6.49 6.46 

—3.6 —7.06 —7.28 6.23 6.16 

—3.54 —7.15 —7.09 — — 

—3.2 —- —6.73 — 5.81 

—3.0 —6.73 —6.75 Dae) 5.70 

—3.02 —6.76 —6.78 SA 5.79 

—2.6 —6.55 —6.52 5.60 5.66 

—2.5 —6.56 —6.53 5.42 5.48 

| —2.2 —6.45 —6.47 oe 5.26 
| —2.0 —6.48 —6.46 5.21 Dezl 
—1.8 —6.48 —6.47 I Us SONG 
—1.5¢ —6.47 —6.55 _ 5.00 
| —1.4 —6.52 —6.49 4.97 5.01 
| —1.0 —6.64 —6.62 4.75 4.76 
—1.0¢ ~  —6.60 —6.63 _ 4.80 
—0.6 — —6.70 _ 4.69 
—0.5 — —6.76 — 4.62 
02 — —6.95 — 4.48 

60.0% Polymer 

—8.0 — —9.96 _— 8.44 
—7.6 —9.89 —9.92 8.44 8.49 
—7.2 —9.77 —9.85 8.44 8.33 

—6.8 —9.74 —9.74 8.32 8.32 
—6.4 — 9.80 —9.68 8.28 8.25 

—6.0 —9.57 —9.51 8.24 8.32 
—5.6 —9.26 —9.54 8.23 8.15 

—5.2 —9.10 —9.30 8.19 8.09 

—4.8 —8.92 —9.05 8.05 8.00 

—4.4 —8.77 —8.89 7.88 7.80 

—4.0 —8.54 —8.52 (83 7.62 

—3.6 —8.23 —8.30 7.29 (E30 
—3.2 —7.92 —7.89 6.98 6.92 

—2.8 —7.51 —7.64 6.60 6.64 

—2.6 — —7.42 — 6.37 

—2.2 —7.09 —7.10 6.19 6.15 

—2.0¢ —7.04 —7.02 5.95 6.01 

—1.8 —6.88 —6.84 5.89 5.92 

—1.5¢ —6.83 —6.79 5.64 SCC 

—1.4 —6.83 —6.78 5.63 lark) 

—1.0 —6.74 —6.70 yi) 5.68 

—1.02 —6.79 —6.79 Onl EDD 

—0.6 —6.77 —6.80 pay 5.16 

—0.5¢ —6.81 —6.84 By Pall 5.29 

—0.2 — —6.84 = 5.24 

02 —6.89 —6.92 5.06 


eee 
¢ Calculated by Williams-Ferry method. 
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-4 -2 
Logt at O°C. 


Fig. 6. Retardation spectra of the 4 solutions reduced to 0°C. Points top black, 
from J’; bottom black, from J”. Untagged points calculated by Ninomiya-Ferry 
method; tagged, by Williams-Ferry method. 


10) 


Logt ator. 


Fic. 7. Relaxation spectra of the 4 solutions reduced to 0°C. Points top black, 
from G’; bottom black, from @”. Tags have same significance as in Fig. 6. Dashed 
lines drawn with theoretical slope of —14. 
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DISTRIBUTION FUNCTIONS 


The retardation spectrum L was calculated from J’ and J”, using the 
reduced data of Figs. 4 and 5 at low reduced frequencies and those of 
Figs. 2 and 3 at the high end of the frequency scale where the effects of the 
entanglement anomaly vanish. The calculation was made both by the ap- 
proximation method of Williams and Ferry (12) and by that of Ninomiya 
and Ferry (13), using a differencing interval of 0.4 on the log w scale with 
the second approximation for J’ and the first approximation for J”. Where 
the slope of J’ was small or there was irregular curvature, random fluctua- 
tions in the differencing made it necessary to reject some of the results of 
the second method. From the components of the complex shear modulus, 
G’ + iG” (= 1/(J’ — iJ”), calculations of the relaxation spectrum H were 
also made by both approximation methods. The results are summarized in 
Table III and are plotted in Figs. 6 and 7. The shapes of the spectra are 
similar to those of the undiluted polymers; there is clearly a shift to longer 
times with increasing concentration, and also a diminution in the magni- 
tudes of contributions to L as indicated by the positions of the maximum in 
this function. 

DIScUSSION 


Monomeric Friction Coefficient 


In Fig. 7, lines are drawn with the theoretical slope of —14 to fit the 
lower portions of the spectra. From the positions of these, the monomeric 
friction coefficient ¢> can be calculated from the equation (14) 


log fo = 2 log H + log r + log 6/kT + 2 log (24M /acN»), [2] 


where M, is the monomer molecular weight, No Avogadro’s number, and c 
the concentration in grams polymer per cubic centimeter; a, the root- 
mean-square end-to-end distance per square root of the number of mono- 
mer units, is taken as 6.4A. as in the undiluted polymer. Values of log ¢o 
at 0°C. are listed in Table IV and plotted against c in Fig. 8. The concen- 
tration dependence follows the equation {> = 5.8 X 10719 e#*. This ex- 
tremely rapid increase reflects the diminishing proportion of mobile sol- 
vent molecules in the immediate neighborhood of a polymer segment, and 
(probably less importantly) differences in free volume due to altered pack- 
ing efficiency. There appears to be no theoretical expectation for the form 
of the relation, although the concentration dependence of the diffusion 
coefficients of solvent molecules in very concentrated polymer solutions is 
also exponential (15) with a coefficient of the order of 20 to 25. This simi- 
larity reinforces the view (16) that the frictional resistance per monomer 
unit of a polymer segment, well above 7, , closely resembles that of a small 
foreign molecule of the same size. 
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TABLE IV 
Molecular Parameters from Viscoelastic Data 


Concentration, weight % 30.0 40.3 50.0 60.0 
Log fo at 0°C. —6.28 —5.30 —4.05 —2.90 
Log fo at T, = = 3.60 1.90 
A log Z. 0 —0.28 —0.51 —0.68 
pes 
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Fie. 8. Logarithm of monomeric friction coefficient at 0°C. (in dyn-sec./cm.) 
plotted against polymer concentration. 


For the two more concentrated solutions, log fo at the glass transition 
temperature is also listed in Table IV. It represents a rather long extrapo- 
lation, however. Since the value for the pure polymer (1) is 3.74, no signifi- 
cant trend is apparent. 


Comparison of Spectral Shape and Magnitude 


In a comparison of the retardation spectra of several undiluted methac- 
rylate polymers (17), it was pointed out that a plot of log L + Alog (p/Mo) 
against log 7 — Alog a’{o should give coincidence of those regions of the 
spectrum where the contributions to compliance are proportional to the 
dilution (i.e., inversely proportional to polymer density in monomoles per 
cubic centimeter) and the relaxation rates are all governed by the mono- 
meric friction coefficient. Here A represents the difference between a given 
polymer and one particular polymer chosen as reference. Failure of the 
curves for L to coincide near their maxima when plotted in this manner 
was attributed to a change in entanglement coupling density with side 
group length. 

The corresponding plot for a series of solutions of a single polymer, where 
a is presumed constant throughout and the polymer density in monomoles 
per cubic centimeter is ¢/M , is log L + Alog (c/M>) against log r — Alog 
¢o. This is shown in Fig. 9, based on the 30% solution as reference. The 
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Fic. 9. Retardation spectra of the 4 solutions reduced to a reference state of the 
30% solution by the procedure described in the text. 


curves coincide rather closely through the transition region but diverge in 
the region of the maximum, whose height drops with increasing concen- 
tration. 

If these divergences are indeed due to differences in the average degree 
of polymerization between entanglement points, Z, , then a shift downward 
by Alog Z, should be accompanied by a shift to shorter times of 2 Alog Z, 
just as in the temperature-dependent entanglement anomaly. Measure- 
ments along a line of slope 4 on Fig. 9 show that this requirement is ap- 
_ proximately fulfilled, and the values of Alog Z, from the 30% solution are 
also listed in Table IV. They are plotted against the logarithm of concen- 
tration in Fig. 10, which shows that Z, is inversely proportional to the 2.3 
power of the concentration. 

The number of strands of the entanglement network per cubic centimeter, 
Ne , is given by Noc/MoZ, and hence is proportional to c?*. This contrasts 
with the c? which would be expected from a binary association equilibrium 
or simply from a constant probability of entanglement of two juxtaposed 
monomer units. The latter relation, equivalent to inverse proportionality 
between Z, and c, has usually been assumed (11, 18, 19), and it may in fact 
be valid for other polymers such as polyisobutylene, polystyrene, and cellu- 
lose derivatives. The exponent 3.3 is characteristic of methacrylate poly- 
mers, not only in solutions of a single polymer, but also in comparing un- 
diluted polymers of different side chain lengths, as shown in the following 
paper (20). 

In many previous studies of concentrated polymer solutions at fre- 
quencies corresponding to the plateau and terminal zones of the relaxation 
spectrum, successful reduction to a standard reference concentration (21) 
has shown that the contributions to compliance associated with very long 
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Fig. 10. Difference in the logarithm of degree of polymerization between entangle- 
ment points (from 30% solution as reference), plotted against logarithm of concentra- 
tion. 


times are simply inversely proportional to concentration; no complications 
involving a changing Z, appear. The most critical test is probably given by 
data on cellulose tributyrate solutions (22). This result is not inconsistent; 
it is a necessary consequence if the relaxation times dominating the be- 
havior in this zone all depend identically on concentration, regardless of 
what that dependence may be. The longest times reflect entanglement slip- 
ping and presumably they all depend on concentration in the same manner 
as the steady-flow viscosity (23). In the zone near the maximum in L, on 
the other hand, there is practically no slipping, and the behavior approaches 
that of a cross-linked network, from which the divergences in Fig. 9 must 
follow. 

From the concentration dependences of {> and Z, , it can be anticipated 
(19) that the increase of steady-flow viscosity with concentration in poly- 
n-butyl methacrylate solutions must be enormous. Measurements to test 
this conclusion are in progress. 
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SUMMARY 


The real (J’) and imaginary (J”) components of the complex compliance 
have been measured between 10 and 2400 cycles/sec. for four solutions of a 
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fraction of poly-n-butyl methacrylate with molecular weight 3.05 x 10°. 
The solvent was diethyl phthalate. The temperature range for each polymer 
concentration was as follows: 30%, —49° to 0°; 40.3%, —49° to 25°; 50%, 
—15° to 47°; 60%, —44° to 40°C. The method of reduced variables gave 
superposed curves for J’ and J” except for a low-temperature anomaly in 
the 60% solution and a high-temperature anomaly in each solution near 
the maximum in J”. The temperature dependence of relaxation times fol- 
lowed an equation of the WLF form in each case. The value of a; (thermal 
expansion of free volume derived from the WLF equation) ranged from 
2.2 to 2.8 X 10-4 deg.—!. The glass transition temperatures, 7’, , of the 50% 
and 60% solutions were determined refractometrically as —67° and —46°, 
respectively; f, (fractional free volume at 7, from the WLF equation) was 
0.024 for both. The high-temperature reduction anomaly was resolved by 
a treatment used earlier for several undiluted methacrylate polymers, 
formally equivalent to assuming a dissociation of entanglement points with 
increasing temperature; the apparent heat of dissociation was 2.1 kcal./mole 
for all four solutions. The relaxation and retardation spectra are similar in 
shape except for differences in time scale and in magnitude. The monomeric 
friction coefficient ¢o at 0°C. ranges from 10~*8 for the 30% to 10~°-*° for 
the 60% solution, and is closely represented by the equation 9) = 5.8 X 
10-10 ¢¢, where c is grams polymer per cubic centimeter solution. From 
the relative magnitudes and positions of the retardation spectra near their 
maxima, the average degree of polymerization between entanglement 
points is concluded to be proportional to c’*. 
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INTRODUCTION 


Measurements of time-dependent mechanical properties have previ- 
ously been made in this laboratory on five n-alkyl methacrylate polymers, 
the ethyl, butyl, hexyl, octyl, and dodecyl (1), in a cooperative investiga- 
tion with the Feltman Research and Engineering Laboratories, Picatinny 
Arsenal. Some data are now reported for poly-n-docosyl methacrylate, 
with Cz: ester side groups. Although the measurements were severely re- 
stricted by the properties of this unusual polymer, the results are of in- 
terest in comparison with those for the other members of the series. 


Marteriats, MrerHop, AND RESULTS 


The polymer was synthesized at Picatinny Arsenal (2). Though unfrac- 
-tionated, it was evidently of quite high molecular weight. Below 55°C. it 
was an opaque, very friable solid. From the work of Greenberg and Alfrey 
(3) there can be little doubt that the side groups crystallize; a melting 
point of 55°C. is a reasonable extrapolation from their series of methacry- 
lates up to Cis. Above 55°C., the polymer was extremely soft and sticky. 
The density was 0.85 at 70°C., measured pycnometrically. 

Measurements of the complex shear compliance (J* = J’ — iJ”) were 
made between 24 and 100 cycles/sec. in the Fitzgerald Apparatus (4). The 
upper limit was set by the small mechanical impedance of the samples 
compared with that of the driving tube. The disc-shaped samples were 
inserted below the melting point; when the temperature was raised after 
closing the apparatus, the polymer melted, expanded, and adhered to the 
driving tube and floating mass. Samples 122, 11¥¢ in. diam. by 149 in. 
thickness, had a sample coefficient of 55.5; this is probably more reliable 
than for most very thin samples, since the thickness was checked with a 
micrometer before insertion. Measurements were made at 59.0°C. and 


1 Part XXXII of a series on Mechanical Properties of Substances of High Molecu- 


lar Weight. 
2 Present address: Chemstrand Corporation, Decatur, Alabama. 
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Fic. 1. Real (J’) and imaginary (J”) parts of the complex compliance, in cm.?/ 
dyne, plotted logarithmically against frequency after reduction to 62°C. Tags down, 
59.0°C.; up, 65.2°C. Also, retardation spectrum (Z) and relaxation spectrum (#); 
points top black, calculated from J’ or G’; bottom black, from J” or G”. For H, tags 
denote individual temperatures for which calculations were made before reduction. 


65.2°C. Samples 121, 114 in. by  in., had a sample coefficient of 19.74, 
and were measured at 62.6°C. only. The results were consistent with the 
others within about 8%; no corrections were applied to these fragmentary 
data, however, and the subsequent analysis is based on Samples 122 alone. 

The average spacing on the logarithmic frequency scale for the two 
temperatures, after multiplying J’ and J” by the usual factor T'p/Topy , 
corresponded to log a7 = 0.15. For reduction, 62°C. was selected as stand- 
ard, with log a7 = 0.07 at 59.0°C. and —0.08 at 65.2°C. (The correspond- 
ing apparent activation energy over this short interval is 12 keal., which is 
reasonable; the WLF equation cannot be applied to such limited data.) 

The components of the complex compliance are plotted against reduced 
frequency in Fig. 1, and show good superposition of the two temperatures. 
The data correspond to the region of the frequency scale where J” passes 
through a maximum and J’ is entering the transition zone. 


Discussion 


The retardation spectrum L was calculated from J’ and J” by the ap- 
proximation method of Williams and Ferry (5) and, the relaxation spec- 
trum H was similarly calculated from the components of the complex 
modulus G’ and G”. The spectra are also plotted logarithmically in Fig. 1. 

Since the short segment of H obtained does not include a region with the 
slope of —% specified by the Rouse theory (6), the monomeric friction 
coefficient ¢) cannot be calculated by the usual method employed for other 
members of the series (1). It can, however, be estimated by plotting log 
H — Alog p/M» against log r as described in a previous analysis (7), and 
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determining the shift Alog a? ¢> which is necessary to bring the segment for 
poly-n-docosyl methacrylate into coincidence with the others. Here p is 
the density, Mo the monomer molecular weight, and a the root-mean- 
square end-to-end distance per square root of the number of monomer units, 
taken for the docosyl polymer as 10 A. The segment of H in Fig. 1 has a 
slope of about —14, and can be brought into coincidence with a similar 
segment for poly-n-octyl methacrylate by a shift from which (after reduc- 
ing the octyl data to 62°C. from the original reference temperature of 
100°C.) log £9 (units dyne-sec./cm.) is estimated to be —7.2 for the docosy] 
polymer at 62°C. 

The dependence of £9 on side group length at constant temperature for 
the methacrylate series has been correlated with differences in free volume 
by Dannhauser, Child, and Ferry (7) and by Fujita and Kishimoto (8). 
The latter treatment cannot be applied to poly-n-docosyl methacrylate 
because its glass transition temperature is not known. According to the 
former treatment, log fo) = 1/2.303f + constant, where f is the relative 
free volume estimated from the conclusion of Rogers and Mandelkern (9) 
that 15% of the increase in specific volume with side group length is at- 
tributable to free specific volume. At 62°C., the values of log ¢o for the 
hexyl, octyl, and dodecyl polymers (—3.35, —4.40, and —5.33) follow this 
equation, and the extrapolation to the docosyl (f = 0.055 at 62°) gives 
log {) = —7.0, in reasonable agreement with the above estimate. 

Of particular interest is the dependence of the height of the maximum in 
L, which reflects contributions to the compliance in a region of time scale 
-dominated by entanglement coupling, on side group length. Fortunately, 
the fragmentary data on the docosyl polymer encompass this maximum, 
which in the dodecyl polymer could not be distinguished because of its 
lower degree of polymerization. The values of Dmax. of all those polymers 
for which well-defined maxima were obtained are given in Table I both at 
the original reference temperature and reduced to 62°C. In the latter reduc- 
tion, the temperature-dependent entanglement anomaly (10) was taken 
into account. 

In Fig. 2, log Imax. is plotted against the logarithm of polymer density 
expressed as monomoles per cubic centimeter, p/Mo. The excellent straight 
line with a slope of —3.4 corresponds to the conclusion that the number of 
strands per cubic centimeter in the entanglement network n, , is inversely 
proportional to the 3.4 power of the concentration of polymer chains. A 
closely similar result was obtained for a series of solutions of a single poly- 
mer, the n-butyl methacrylate, in a diluent of low molecular weight, where 
the exponent was concluded to be 3.3, the same within experimental error 
(11). Even more striking is the fact that the proportionality constant is the 
same. In Table I, the heights of the L maxima are also given for the butyl 
polymer solutions. After reduction of these to 62°C., taking into account 
the apparent temperature dissociation of entanglement points (10), they 
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TABLE I 
Maxima in Relaxation Spectra 


Nene ee eee eee ee ee 


Polymer eo Log p/Mo at 62°C. ely Logeimaxiato2sc: 
n-Butyl 100° —2.15 —7.04 —7.19 
n-Hexyl] 100° —2.25 —6.67 —6.82 
n-Octyl 100° —2.33 —6.35 —6.46 
n-Docosyl] 62° —2.68 —5.38 —5.38 
30% n-Butyl 0° —2.629¢ —5.79 —5.48 
40% n-Butyl 0° —2.504¢ —6.13 —5.82 
50% n-Butyl 0° —2.414¢ —6.47 —6.16 
60% n-Butyl 0° — 2.337% —6.75 —6.44 

“log c/M>y. 


26 -24 -22 
log e/Mo or c/Mo 


Fie. 2. Maximum in retardation spectrum, reduced to 62°C. including reduction 
for entanglement anomaly, plotted logarithmically against polymer concentration 
in monomoles per cubic centimeter. Open circles, undiluted polymers; black circles, 
solutions of poly-n-butyl methacrylate in diethyl phthalate. 


are also plotted against monomoles polymer per cubic centimeter (in this 
case, c/Mo, where c is grams polymer per cubic centimeter), and fall es- 
sentially on the same line as the values for the undiluted polymers; thus, 
log Imax. = 14.46 — 3.4 log (c/M»). 

It may be concluded that the density of entanglement points in meth- 
acrylate polymers depends only on the concentration of chain backbones 
and not on whether they are diluted by solvent molecules or by side groups. 
This principle was postulated by Bueche (12), who did not, however, an- 
ticipate the exponent of 3.4. Although the nature of the entanglement 
coupling is still only vaguely understood, the present result is more easily 
reconciled with some aspect of the long-range molecular contour as pro- 
posed by Bueche (13) rather than a short-range kinking or knotting. 
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It should not be thought, of course, that all the viscoelastic properties 
are determined solely by the concentration of chain backbones. For ex- 
ample, the monomeric friction coefficients of undiluted poly-n-octyl and 
dodecyl methacrylates at 0°C. are larger by a factor of 200 than the corre- 
sponding values for solutions of poly-n-butyl methacrylate with the same 
concentration of monomoles polymer per cubic centimeter. 
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SUMMARY 


The real (J’) and imaginary (J”) components of the complex compliance 
have been measured between 24 and 100 cycles/sec. at 59.0°C. and 65.2°C. 
for poly-n-docosyl methacrylate. The results, reduced to 62°C., provide the 
relaxation and retardation spectra over a short region which encompasses 
the maximum of the latter. The logarithm of the monomeric friction co- 
efficient (units dyne-sec./cm.) is estimated to be —7.2. The maximum in 
the retardation spectrum for the butyl, hexyl, octyl, and docosyl methac- 
rylate polymers is inversely proportional to the 3.4 power of the polymer 
density expressed in monomoles per cubic centimeter. The same relation is 
followed, with essentially the same proportionality constant, for solutions 
of poly-n-butyl methacrylate in diethyl phthalate. It is concluded that the 
number of strands per cubic centimeter in the entanglement network of a 
methacrylate polymer depends only on the concentration of chain back- 
bones regardless of whether they are diluted by solvent molecules or by 
side groups. 
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ABSTRACT 


A technique was developed for continuously producing small droplets of an aque- 
ous solution in mineral oil. The rate of nucleation of supersaturated potassium nitrate 
solutions. was studied by observing the fraction of a large number of these droplets 
erystallized after varying lengths of time. For ordinary solutions the nucleation 
appeared to be catalyzed by impurities. By the use of a partial recrystallization 
technique for removing the catalyzing material a very close approach to the theoreti- 
cally predicted first-order nucleation rate was obtained. 


INTRODUCTION 


One of the most promising methods for studying nucleation rates is that 
of observing a large number of small droplets of the system, dispersed so 
that they crystallize independently. The rate of nucleation can then be 
determined by measuring the fraction of droplets that have crystallized 
after varying times of supersaturation. 

This method has been used by Vonnegut (1) and by Pound and LaMer 
(2) in studying the solidification of metals. These investigators dispersed 
molten metal into small droplets suspended in oil and followed the rate of 
solidification dilatometrically. 

Since homogeneous nucleation is caused by the formation of critical size 
nuclei, the rate of nucleation should be proportional to the number of 
critical size nuclei present at any given time. Because the formation of 
these nuclei is governed by the random collisions of subcritical size particles, 
this process should be a first-order rate process. By means of the technique 
of following the crystallization of a large number of droplets of a super- 
saturated system, the rate, at a given temperature can be expressed by the 
equation: 


N 
In — = —Ai 
No g 
1 This paper is based on a thesis presented by Malcolm L. White to Northwestern 
University in partial fulfillment of the requirements for the Ph.D. degree, August, 
1953. 
2 Present address: American Cyanamid Company, Stamford, Connecticut. 
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where N is the number of droplets uncrystallized out of a total of No 
droplets observed; A is the rate constant; and ¢ is time. 


EXPERIMENTAL 


For the present study a method was devised for continuously producing 
small droplets of potassium nitrate solutions, supersaturating them by 
lowering their temperature, and following their crystallization as a function 
of time. Droplets of solution were formed at a temperature above the 
saturation temperature of the solution by use of the oil flow dropper shown 


Fia. 1. Oil flow dropper. 


in Fig. 1. A length of 1 mm. glass capillary tubing was drawn to a tip, 
around which was sealed a piece of 10 mm. glass tubing drawn down to 
about 4 mm. diameter around the capillary tip. The potassium nitrate 
solution flowed from a reservoir through the capillary tubing, and mineral 
oil was flowed through the outside tube and past the capillary tip. 

With both the solution and oil flowing freely, droplets of solution con- 
tinuously form on the capillary tip and are torn off by the flowing oil before 
they reach their maximum size, resulting in a continuous production of 
droplets of the solution suspended in oil. The size of the droplets can be 
regulated by the rate of flow of oil past the capillary tip and the rate of 
formation, by the rate of flow of the solution through the capillary. 
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Fic. 2. Variation of per cent of droplets uncrystallized with time for unpurified 
solution. Concentration of solution: 80.44 g. KNO;/100 g. H,0. Saturation tempera- 
ture: 47.7°C. Droplet diameter: 0.35 mm. 


The oil flow dropper was immersed in a column of mineral oil at a tem- 
perature above the saturation temperature of the solution being studied 
so that the droplets formed a vertical row which traveled downward through 
the oil. Just below the tip of the dropper the temperature of the oil was 
changed to a lower, predetermined temperature below the saturation tem- 
perature of the solution by means of a thermostatted flowing water jacket. 
Although the droplets fell at a slower rate in the cooler oil, an evenly, but 
closer, spaced row was maintained. These droplets could be observed as 
they fell past any point along their path, each point corresponding to a 
definite time that they had been supersaturated. This time was determined 
by observing the rate of fall of one droplet in the row and assuming that 
the droplets became supersaturated when they passed into the top of the 
cooler oil. The droplets were observed with a microscope fitted with crossed 
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Fig. 3. Variation of per cent of droplets unerystallized with time for purified solu- 
tion. Concentration of solution: 83.41 g. KNO;/100 g. H.O. Saturation temperature: 
49.0°C. Droplet diameter: 0.41 mm. 


Nicol prisms so that crystallization in a droplet could be detected by the 
colored appearance of the anisotropic potassium nitrate crystals. The diam- 
eter of the droplets was measured with a calibrated eyepiece scale in the 
microscope. 

In a typical run, 200 droplets were observed at each of five to ten positions 
along the row of droplets. The size of the droplets could be varied between 
a radius of about 0.2 mm. and 2 mm. The temperature of the oil column 
could be adjusted to give any desired supersaturation. 

Two types of solutions were prepared and studied: (1) unpurified solu- 
tions, made by dissolving analytical grade potassium nitrate in distilled 
water without any further purification of the salt; and (2) purified solutions 
prepared in the following manner. 

Analytical grade potassium nitrate was recrystallized three times from 
distilled water. The final recrystallization was carried out by adjusting 
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the amounts of salt and water so the crystallization began about 10° above 
the final temperature to which the solution was cooled. This latter tempera- 
ture was chosen so that the saturated solution at this temperature had the 
approximate concentration desired for a particular run. The supernatant 
solution was then decanted and kept above the saturation temperature to 
prevent any further crystallization. It was hoped that by using this tech- 
nique any impurities catalyzing the nucleation would be used up in this 
first crystallization and remain with the crystals formed. The solution was 
then filtered through a Corning “Fine” grade fritted glass filter (maximum 
pore size of 5 microns), and transferred to the solution reservoir, which 
had been cleaned with sulfuric acid-sodium dichromate solution, rinsed 
thoroughly with distilled water and then with distilled water filtered 
through the fritted glass filter. A mineral oil seal was put on top of the 
solution to minimize evaporation. The solution was kept 10° to 20° above 
its saturation temperature. The exact concentration of the solution was 
determined by removing a small portion and weighing it before and after 
evaporation of the water. The saturation temperature was determined from 
the solubility data given by Seidel (3). 


RESULTS 


Figure 2 shows a plot of the per cent of droplets uncrystallized, on a 
logarithmic scale, versus time of supersaturation at four different tempera- 
tures of supersaturation, with a constant droplet size for a typical un- 
purified solution. If the nucleation of the solution was a simple, first-order 
_ process then the points should fall on straight lines. The original, curved 
portions of the lines indicate that the nucleation is being catalyzed by 
impurities (2). 

Figure 3 shows the plot of the per cent of droplets uncrystallized against 
time of supersaturation for a typical solution purified by the procedure 
described above. It is apparent that the points fall much more closely on a 
straight line than in the plot for the unpurified solution. There is some 
slight curvature near the origin which is probably due to relatively small 
amounts of impurity which were not removed. Neglecting this small effect, 
the results indicate that homogeneous nucleation is occurring in these 


purified solutions. 
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ABSTRACT 


The electrophoretic mobilities of carboxymethylcellulose in several iso-ionie dilu- 
tion series are measured in a Tiselius-Svensson apparatus and extrapolated to zero 
polymer content. The extrapolated values prove to be almost independent of the ionic 
strength. The electrophoretic mobility appears to be less than proportional to the 
degree of substitution. From a comparison with recent theories, a fairly reasonable 
value for the friction factor per glucose unit is derived. On the basis of the viscosity 
theories of Brinkman, Debye, and Bueche, this friction factor leads to acceptable 
values for the effective radius of the macromolecules. 

There exists a discrepancy of the order of 15% between the experimental conduct- 
ance and that calculated on the basis of the Debye-Hiickel approximation in the ab- 
sence of relaxation effects. It is pointed out that this result is of doubtful significance, 
because the effect of the viscosity on the data at finite polymer concentrations is un- 
predictable. 


INTRODUCTION 


1. General 


Data on the conductivity of polyelectrolyte solutions are not abundant 
in the literature, and they usually deal with polyelectrolytes in the absence 
of extraneous salt. Interesting work on the transport numbers in these solu- 
tions was reported by Wall and co-workers (1), who came to the conclusion 
that the mobility of the low molecular weight counter ions is reduced con- 
siderably by the presence of the polymer ions. Direct measurements of the 
mobility of the polymer ion itself, i.e., its electrophoretic mobility, have 
been published by Alfrey, Fuoss, and co-workers (2), but their conclusions 
are of a general and rather qualitative nature. Fitzgerald and Fuoss (3) 
mention some data which they do not consider as conclusive, and a theo- 
retical interpretation is not given. Reference is made, further, to Katchal- 
sky, Shavit, and Eisenberg (4). 


* Present address: Cellulose Research Institute, State University College of For- 
estry, Syracuse, New York. 
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Later results obtained by Goring (5), by Cook (6) for carrageenin, and 
by Nagasawa, Soda, and Kagawa (7) for polyvinyl alcohol sulfate have 
been compared with recent theories (7, 8). Finally, we mention the work 
of Van Geelen (9), who measured electrophoretic mobilities, transport 
numbers, and conductivities in solutions of polymethacrylic acid at various 
degrees of neutralization in the presence of sodium chloride. 


2. Electrophoresis 


In their theoretical studies of the electrophoretic mobility, Hermans 
and Fujita (10), Hermans (11), and Overbeek and Stigter (12) make use 
of Debye’s (13) spherical coil model with partial free draining: to each 
polymer segment with charge e one attributes a friction factor f; the seg- 
ments are supposed to be distributed uniformly over the volume of a sphere 
with radius R. It is assumed, further, that the electric potential is suf- 
ficiently small everywhere to apply the approximation introduced by Debye 
and Hiickel, and all relaxation effects are ignored. The treatments of this 
model by the various authors mentioned differ considerably among each 
other, but it has been shown that the final formulas for the electrophoretic 
mobility wu lead to essentially the same result in all cases of practical interest 
(see also Fujita, reference 14). For this reason, we quote the simplest 
formula published (11): 


u = (e/f) {1 + (0/3) (1 +67) (3+ py}. [1] 


In this expression o is the shielding ratio introduced by Debye (13) and 
is determined by the radius R of the sphere, the number » of segments per 
unit of volume in the sphere, and the viscosity mo of the solvent: 


o = vfR’/n. [2] 


Further, p is the ratio between R and the characteristic length 1/« of 
the Debye-Hiickel theory: 


9 ki [3] 


In the absence of extraneous salt it is difficult to assign a value to x which 
has a useful physical meaning; compare, in this connection, Fujita and 
Hermans (15). In the presence of salt exp (—2p) is almost always negligible 
compared with unity, and in many cases p is so large that the second term 
in the braces of Eq. [1] (which will be called correction term) is small com- 
pared with unity. This reduces wu practically to e/f, which means that the 
particle is free-drained. The physical explanation of this result is given in 
the papers quoted (10-12). 

Since the Debye-Hiickel approximation will, as a rule, be a poor approx- 
imation, it is of interest to consider briefly a solution of the problem that 
does not suffer from this disadvantage. Kimball, Cutler, and Samelson 
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(16) replaced the Debye-Hiickel approximation by the other extreme, in 
which the charge of the polymer molecule is completely compensated every- 
where by the counter ions. Lifson (17) improved their result by a perturba- 
tion method and showed that his solution of the potential problem agreed 
very closely with that obtained by Wall and Berkowitz (18) by means of 
a computer. We have applied Lifson’s solution for the electric potential to 
the problem of electrophoretic mobility, using the method of reference 11. 
It will not be necessary to give the details of the calculation, the final result 
of which is 


u = e/f + (kTvn’p/4revf) g(«, B, R) H(p, B,», R). 
g(x, 8, R) = [1 + («/8) tanh (BR)]~ 
H(p, B,», R) = (1 + 1/p)(@ — VY) [6 — NT (BR)/T(AR)] — T(BR) [4] 
Ee). = Las C1). tanks 
\” = 20°/3R’; 8° = «’ coshv; sinh vy = v/c, 


c being the number of small ions per unit of volume at a large distance from 
the polymer ion; the extraneous salt is assumed to be uni-uni-valent. An 
approximation for I'(a2) which is quite sufficient for our purpose (11) is 


Nis) 2 Ga), [5] 
which leads to the simple expression 
u = (e/f) {1 + &kTvo T(BR)g/6re rR}, [6] 


e being the dielectric constant of the medium. 

It can be shown that the “correction term” in Eq. [6] is always smaller 
than that in Eq. [1] and approaches it very closely when 8 approaches 
x (1.e., small v, small electric potential). In some special cases, when v is 
large, it will be of some interest to use Eq. [6] rather than Eq. [1]; however, 
we have not made a detailed numerical analysis, because in our own ex- 
periments v was never large compared to unity and the correction term is 
small. Besides, when v becomes large the theory is likely to become in- 
adequate, because it neglects relaxation effects (see below). 

As mentioned above, the fact that the “correction term” in Eq. [1] (or 
[6]) is usually small compared to unity means that in electrophoresis the 
molecule is almost free-drained, i.e., it behaves like a cloud of ions moving 
independently of each other. Under these circumstances, we must expect 
that u is independent of the molecular weight and nearly independent of 
the ionic strength of the solution. These conclusions are confirmed by 
the data of Goring (see reference 8) and of Nagasawa, Soda, and Kagawa 
(7). It must be borne in mind, however, that e/f will be independent of the 
ionic strength only when the friction factor f remains constant. In reality f 
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will change with ionic strength, as a result of the well-known Debye- 
Onsager effects in the double layer surrounding each individual fixed ion, 
and because of the fact that at low ionic strengths the reciprocal charac- 
teristic length of the Debye-Hiickel theory may become larger than the 
distance between adjacent charges on the chain. Under these circumstances, 
the mobility will become more nearly equal to 2e/f’ instead of e/f, f’ being 
the friction factor for a dimer, which is almost always less than twice that 
for the monomer. This question is closely related to a remark made by Over- 
beek and Stigter (12), who point out that at high ionic strengths it may be 
better to replace the model of the porous sphere by that of a straight or 
curved cylinder or by an assembly of randomly oriented cylinders. Van 
Geelen (9) has worked this out in detail and comes to the conclusion that 
his data for polymethacrylic acid can be accounted for more satisfactorily 
by this model than by the porous sphere model. Nevertheless, it is of some 
interest. to note that for Van Geelen’s polymethacrylic acid, the friction 
factor f calculated from the experimental wu on the basis of the Overbeek- 
Stigter formula, which is practically equivalent to Eq. [1], turns out to be 
independent of the ionic strength, although the mobility wu is not. 

We encounter a similar uncertainty as regards the behavior of the friction 
factor f when we consider changes in the charge density per unit chain 
length, for example, as a result of changes in the degree of neutralization. 
From the data of Nagasawa, Soda, and Kagawa (7), it follows that the 
electrophoretic mobility uw increases by about 15% when the degree of 
substitution and thus the charge density per unit chain length increases by 
15%, but in Van Geelen’s experiments the degree of neutralization, a, was 
changed from 0.1 to 0.9 and the u-values increase much less than propor- 
tionally to a. In part, this is doubtless due to the factor f which relates to 
that part of the chain which carries, on the average, a charge e; if the aver- 
age charge per unit chain length is doubled, we will become concerned with 
the friction factor for a chain segment which is half as long, and this will, 
as a rule, be larger than Mf. 

Our own results for two carboxymethy] celluloses, with different degrees 
of substitution, show the same trend: the ratio between the degrees of sub- 
stitution is 1.5, whereas that between the electrophoretic mobilities is only 
1.35 (see Table II). 


3. Conductance 


The porous sphere model has been used by Fujita and Hermans (15) to 
estimate the specific conductance yu; of the solution. On the assumption 
that the Debye-Hiickel approximation is valid: 


p= en) ) [us dr. [7l 
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Here po is the specific conductivity that would be observed if it were 
possible to remove only the polymer ions, 7 is the number of polymer ions 
per unit of volume, s the charge density due to the small ions, # the ex- 
ternal electric field, and u, the velocity of the liquid relative to the polymer 
ion. The integration in Eq. [7] is to be performed over the entire volume of 
the polymer ion and its surrounding double layer. 

The integration of u,s was carried out, using for u, the expression given 
in reference 11, for s that of Hermans and Overbeek (19). The result will 
be used in the discussion of our data, and is written here as follows: 


Hs = wo + Zen(e/f)A, [8] 


where Ze is the total charge fixed on the polymer ion and A is a complicated 
function of the parameters o and p. In all those cases in which the “cor- 
rection term” in Hq. [1] is small compared to unity, A is close to unity and 


Ms & wo + Zenu. [9] 


4, Relaxation 


An attempt to account for relaxation effects was made by Longworth 
and Hermans (20), who used the model of a porous sphere in which the 
charges fixed on the polymer are completely compensated everywhere by 
the counter ions. The result for the electrophoretic mobility is 


U = (¢/f) 34m(M2 + 2m + &v/f), [10] 


where yp: is the contribution of the small ions to the specific conductivity 
inside the sphere and u,, that outside the sphere. 
The specific conductivity of the solution was found to be (see reference 8) : 


bs = Lm + Zenu + 3 (pe Fi Lm) Ms (M2 i 2pm te ev/f), [11] 


where ¢ is the volume fraction of spheres. The results [10] and [11] are 
independent of whether the Debye-Hiickel approximation is used or not. 
It must be borne in mind, however, that the model is crude and the ecalcu- 
lation approximate. Moreover, a straightforward application is difficult be- 
cause ¢ is known only if one can assign a reliable effective radius to the 
polymer molecules, while yu: and um can be calculated only if an assumption 
is made regarding the distribution of the small ions over the inside and the 
outside of the sphere. The distribution chosen by us in the discussion of 
our data will be that which follows from a simple Donnan equilibrium be- 
tween the inside and the outside, neglecting activity coefficients. 


Mareriats Usmp 


A commercial sample of the sodium salt of carboxymethyl cellulose, 
Na-CMC-72, which had been purified at the research laboratories of AKU 
in Arnhem, the Netherlands, was further purified and fractionated by re- 
peated precipitation from an aqueous solution in the presence of NaCl, 
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TABLE I 


Data Used for the Samples Studied 
Sa eee a 


108 10°°M, Shes, LOVE Lw 
Na-CMC-72 1.81 64 115 86 155 
Na-CMC-73 2.70 150 405 (200) (540) 


using ethyl alcohol as precipitant. The product was washed with alcohol 
80% and dried in vacuo at 40°C. 

Another sample, Na-CMC-73, was purified in a similar manner, except 
that in this case the solution of the polymer, before precipitation with al- 
cohol, was heated to about 80°C. to facilitate dissolution. Presumably this 
caused some degradation because we could confirm the results quoted by 
Ott and Spurlin (21), who state that a heat treatment of Na-CMC in 
solution leads to an irreversible decrease in the viscosity. From this ex- 
perience, and from the fact that our purification procedure was slightly 
different from that described by Pals (22) and by Trap (23), it follows that 
the molecular weights found by these authors for similar preparations can 
be considered only as crude estimates of those pertaining to our own 
samples. Nevertheless, we will use the molecular weights found by Pals 
and Trap, because neither the electrophoresis nor the molecular radius de- 
rived from the viscosity is much affected by the molecular weight. Our own 
attempts to measure the light-scattering molecular weight were not success- 
ful: notwithstanding repeated filtration and centrifugation, the gel fraction 
could not be completely removed. 

The equivalent weight of the polymer salt was determined by conducto- 
metric titration. The result is given in Table I, where r is the number of 
equivalents per gram polymer salt and Z the average number of elementary 
charges per molecule: Z, the number average and Z,, the weight average. 
The weight-average molecular weight of Na-CMC-73 was unknown; it was 
estimated from M, by assuming that M,,/M, had the same value as for 
Na-CMC-72. 

The water used to prepare the solutions was purified under nitrogen by 
means of Amberlite MB1 anion-cation exchange resin. If it is collected in 
a polyethylene flask, it is possible to obtain water with a specific conduc- 
tivity of 1 X FORTS come When exposed to glass, the specific conduc- 
tivity increases to about 1 X 10°27 em. within a few hours but after- 
wards remains constant for a very long time. We have always used the value 
10 ° to correct for the conductance of the pure water. 

The dilutions were made iso-ionically (22) using NaCl as extraneous 
salt. This means that if c is the concentration of the polyelectrolyte in g./ml. 
and x the concentration of NaCl in mole/I., the sum 


x + 1000 re = 2 
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is kept constant in each dilution series. Under these circumstances, the 
curves of nsp/¢ versus ¢ are straight lines (22). For series in which wo was 
less than 0.5 X 10° mole/I., the dilutions were made under nitrogen. The 
pH of the solutions was always between 7 and 9. 


MEASUREMENTS 


1. The viscosities were measured in a viscometer with suspended level 
(Ubbelohde), in which the correction for kinetic energy was very small- 
Possible effects of the shear rate were neglected; its influence on the vis- 
cosity of Na-CMC solutions has been discussed in previous work (22, 24). 

2. The electrophoretic velocities were determined in a Tiselius-Svensson 
apparatus, LKB 3028, at 25° + 0.005°C. Johnson and Shooter (25) have 
shown that at this temperature convection currents are not important 
provided that the energy dissipation as a result of the electric current re- 
mains below 2 X 10” watt/ml.; in our own experiments, it was never more 
than 0.5 X 10° watt/ml. 

The theory of the moving boundary has been developed by Henry and 
Brittain (26) on the basis of Kohlrausch’s (27) and Weber’s (28) work. 
For a review, we refer to De Wael and Wegelin (29). 

The solution brought into contact with the colloid solution of total ionic 
concentration x was a sodium chloride solution of concentration x» . Under 
these circumstances, the ascending boundary has the disadvantage that the 
specific conductivity which should be used to calculate the electric field 
strength is that of the solution through which the boundary has already 
moved, and is therefore unknown. It is customary to replace this by the 
specific conductivity of the original colloid solution below the ascending 
boundary at the beginning of the experiment, but this introduces an un- 
known error. This uncertainty does not exist at the descending boundary, 
but this boundary broadens rapidly as a result of diffusion because ions 
which lag behind find themselves in a region of lower potential gradient. 
It is then no longer permissible to identify the velocity of the peak in the 
Schlieren diagram with the electrophoretic velocity. 

Both these errors are eliminated by extrapolating to zero polymer con- 
centration; see reference 7. The extrapolated velocity of the ascending 
boundary is the same as that of the descending one; compare Fig. 1. 

The Tiselius cell has a middle part which slides horizontally into position 
at the beginning of the experiment. As a result of this construction, a certain 
leaking current is unavoidable. In all series in which x was not less than 
3 X 10 * equiv./l., we have succeeded in keeping the leaking current below 
0.5% by the following measures: (1) the glass plates which were to slide 
into position were treated with silicone oil of viscosity 10° poises; (2) the 
horizontal shift needed to bring the middle part into position was always 
kept as small as possible, i.e., just sufficient to close the channels in the cell 
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lo¢Y% (cm*/V sec) lo* Ye (cm?/V sec) 


10°C(aeq/ml) 10? C(aeq/m!) 


1044 (cm?*/V sec) 


10? C(aeq/ml) 


A 10? C(aeq/mi) 
02 04 0.6 


Fie. 1. Na-CMC-78; iso-ionie dilution series. Velocity of peak in Schlieren dia- 
gram, reduced to unit filed strength, as a function of polymer concentration c. 

(i ascending boundary, | descending boundary 
Series: 1 2 3 4 
1000 x» = 0.721 3.09 7.41 9.69 


before the experiment was started. As a result, only a very small area of the 
glass plates had a chance to be wetted by the solutions. 

Only one series was done at a total ionic concentration less than 3 X 10° 
equiv./l. because in such series the polymer concentration must be low, so 
that the peak in the Schlieren diagram becomes small. Moreover, the specific 
resistance becomes so high that leaking currents become relatively too 
important. One series of measurements was done, however, with Na- 
CMC-73 at 2 = 0.7 X 10 ° equiv./l. To this end, the leaking current was 
suppressed by removing the water from the temperature bath in which the 
Tiselius cell was immersed. Instead, air of 20°C. was circulated along the 
cell and the electric current was reduced to 0.1 ma. by the introduction of 
a shunt of 33,000 Q over the electrodes. The result of this one series of ex- 
periments was in good agreement with that of the others; compare Table II. 

3. The conductances of the solutions were measured under nitrogen in 
cells of the type described by Longworth (20), placed in a temperature 
bath filled with oil at 25° + 0.005°C. Use was made of a Leeds and Northrup 
Wheatstone bridge described by Dike (30), the compensation resistances 
of which were calibrated with direct current. If the room temperature is 
kept constant at 20°C. and the relative humidity at about 55 %, the ac- 
curacy of the measurements is 0.02 %. The resistance at a frequency of 4500 
cycles was always within 0.02% of that at 1500 cycles. To make sure that 


260 NAPJUS AND HERMANS 


TABLE II 
Intrinsic Viscosities [n| in ml./g. and Electrophoretic Mobilities uo 110 (COUCO aS Cm, 
Both Obtained by Extrapolation to Zero Polymer Content 
The molecular radius R (in cm.) and the friction factor f (in g./sec.) for a segment 
carrying 1 electronic charge were calculated from Eqs. [1] and [12]; xo is the NaCl 
concentration in moles/liter. 


103x 9 [7] 10420 108R 109f 
Na-CMC-73 
0.302 3200 — (765) (4.6) 
0.721 2560 3.95 680 4.4 
3.09 1820 3.90 590 AND. 
aAl 1600 3.90 550 4.2 
9.69 1550 3.80 545 4,2 
Na-CMC-72 
Om 2670 (640) (6.6) 
1.0 1730 a (540) (Ge70) 
10 900 2.90 420 Bo 


a possible adsorption of polymer at the electrodes and at the glass walls 
had always reached equilibrium, the cells were emptied, and refilled with 
the same solution, until the resistance had reached a constant value to 
within 0.1%. The results given below are the specific conductances after 
subtraction of that of the water. 


RESULTS AND DISscUSSION 


As regards the viscosities, we restrict ourselves to giving the intrinsic 
viscosities [7] listed in Table II. The experimental electrophoretic mobilities 
u = U/E, where U is the velocity and £ the potential gradient, are shown 
as a function of polymer concentration for Na-CMC-73 in Fig. 1. The re- 
sults for Na-CMC-72 are so similar that they are not reproduced. As ex- 
plained in the section on Measurements, only the extrapolated values 
uo = U>/E (at ¢ = 0) are significant; these are listed in Table II. Finally, 
the specific conductances are given in Tables III and IV. 

A comparison of the intrinsic viscosities with those reported by Pals (22) 
reveals that for Na-CMC-73 there is excellent agreement at high ionic 
strengths, but that our values are about 30% lower at low ionic strengths. 
A possible explanation of this trend is the effect of the shear-rate: it is well 
known that this effect is more pronounced at low than at high ionic strengths 
(see, for instance, reference 24). Our [n] values for Na-CMC-72 at all ionic 
strengths examined are about 30% lower than those found by Pals; this 
suggests that the molecular weight M of our Na-CMC-72 was somewhat 
lower than that of Pals’ sample. However, since the effect of M on the 
calculated molecular dimensions and on the friction factor per segment is 
very small, we have not deemed it worth while to apply any corrections. 
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TABLE III 
Specific Conductance u(Q-'em.-) of Three Iso-ionic Dilution Series for Na-CMC-72 


Concentration C (equiv./l.) in aqueous NaCl at 25°C.; xo is the NaCl concentra- 


tion in moles/l. when C = 0. 
a a Pa a a el Se ere ees ee 


zy = 0.0001 xo = 0.001 xo = 0.01 
104C. 10° ps 10°C. 104 uw 10°C. 103 p 
0 1.255 0 1.240 0 1.183 
0.099 1.245 0.098 1.185 0.098 1.136 
0.248 1.228 0.234 1.120 0.234 1.070 
0.351 1.210 0.469 1.025 0.469 0.970 
0.500 1.181 0.704 0.930 0.704 0.868 
0.750 1.103 0.940 0.842 0.940 0.763 
1.000 1.037 

TABLE IV 


Specific Conductance w (Q cm.) of Five Iso-ionic Dilution Series for Na-CMC-73 
Concentration C (equiyv./l.) in aqueous NaCl at 25°C.; 2» is the NaCl concentra- 
tion in moles/l. when C = 0. 


108% = 0.302 | 1089 = 0.721 | 10%xo = 3.09 108x9 = 7.41 108xzy = 9.69 


104C 104 |} 107C | 10% 104C 1044 | 108C | 10% 103C 104u 
0 0.3780 | 0 0.8911 | 0 3.751 | 0 8.813 0 11.460 
0.323 | 0.3650 | 1.16 | 0.8327 | 0.621 | 3.413 | 1.05 | 8.282 0.995 | 10.848 
0.584 | 0.3505 | 2.32 | 0.7923 | 1.24 | 3.046 | 2.37 | 7.486 2.02 | 10.200 
1.010 | 0.3280 | 3.48 | 0.7259 | 1.85 | 2.711 | 3.56 | 6.900 3.03 9.609 
1.510 | 0.3015 | 5.79 | 0.6203 | 2.48 | 2.428 | 4.28 | 6.740 4.15 9.936 
2.010 | 0.2835 | 7.09 | 0.5673 | 3.09 | 2.177 | 5.94 | 5.983 5.09 8.424 
3.020 | 0.2365 


Table II shows that uw does not depend on the ionic strength. This is 
in keeping with Eq. [1] (or [6]), because the “correction term” is small 
compared with unity, so that u is close to e/f. If, on this basis, we calculate 
the friction factor f for a chain fragment carrying one electronic charge, we 
find about 4.2 X 10° g./sec. for Na-CMC-73 and about 5.5 X 10° for 
Na-CMC-72. On the basis of Stokes’ law, this gives a radius of 2.0 A. for 
a segment in nr. 73 and 2.8 A. in nr. 72. In view of the fact that nr. 72 con- 
tains about 1 carboxyl group per 3 glucose units, whereas nr. 73 carries | 
elementary charge per 1.8 glucose units, we find a radius of roughly 1 A. 
per glucose unit. This is more realistic than the much smaller values de- 
rived for most polymer segments on the basis of the viscosity theories of 
Kirkwood and Riseman (31) or Debye and Bueche (13). It is, therefore, 
of some interest to calculate the molecular radius & from the intrinsic vis- 
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cosity, using the f-value derived from uv. We have done this on the basis of 
the expression derived by Debye and Bueche (13): 


[n] = (4nR*/3) (No/M) ®(c) [12] 


where Np is Avogadro’s number, M the molecular weight, and ®(c) a known 
function of the parameter o defined in Eq. [2], in which » is (in our case) 
the density of fixed charges, 1.e., 


y = 3Z/4eR’. [13] 


Eliminating R from Has. [2] and [12], we get 
&(0)/o° = (3[n]M/4aNo) (40/3Zf)’. [14] 


A graph was made of @/c° versus o°, so that o could be found for any 
given value of f. We inserted the weight-average M and Z; the values found 
for R on the basis of the number-average M and Z are only a few per cent 
higher. Our procedure was to insert in Eq. [14] the f-value which followed 
from the electrophoretic mobility according to the relation wu = e/f. This 
gave a provisional value of o and thus of R. With this R-value, we calcu- 
lated the “correction term” in Eq. [1], which thus led to a corrected value 
of f. This procedure leads very rapidly to those values of R and f that 
satisfy both Eq. [1] and Eq. [12]. The result is given in Table IT; the figures 
in brackets refer to series for which wo could not be measured and were 
calculated on the assumption that wo had the same value as at the higher 
ionic strengths. 

Direct measurements of R for Na-CMC-73 are not available. A com- 
parison with the light-scattering measurements of Trap (23) is possible 
only for Na-CMC-72 at x) = 0.01, where Trap found a radius of 500 A.., 
which compares reasonably well with the figure 420 in Table II. However, 
Trap found a greater expansion at lower ionic strengths, suggesting that in 
reality the electrophoretic mobility increases somewhat with decreasing 
ionic strength—a conclusion which is supported by the experimental re- 
sults of Nagasawa, Soda, and Kagawa (7). 

It should be mentioned at this juncture that Ise, Hosono, and Sakurada 
(32) have interpreted the electrophoretic mobility of polyvinylalcohol, par- 
tially acetylized with glyoxylic acid, on the basis of Henry’s equation for 
solid spheres. We believe that this model is inadequate, because it follows 
from a straightforward application of the Kirkwood-Riseman or Debye- 
Bueche concepts (references 8, 10, 11, 12) that in electrophoresis the 


molecule is almost free-drained when «R > 1. At this limit, Henry’s equa- 
tion becomes 


Wy Ze/(4rnkR’). 
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The constancy of u over a large range of «-values (Na-CMC-73 in Table 
II) would, therefore, require that «R’ remain constant, which is not im- 
possible but would be entirely fortuitous. 


As regards the experimental specific conductances y, three examples 
are shown in Figs. 2, 3, and 4. These figures show, in addition, the con- 
tribution yo of the small ions as defined in connection with Eq. [7], the 
result wo + Zen(e/f)A predicted by Eq. [8], and the result u, according 
to Eq. [11]. The quantity uo was calculated from the mobilities and con- 
centrations of the small ions. As has been explained at the end of the Intro- 
duction, the calculated values of uw, are very uncertain: to estimate the 
volume fraction ¢ of the spheres we used the radius R of Table II; the 
polymer concentrations for which ¢ turned out to exceed unity were not 
taken into consideration; uw, and uw, were estimated for any given ¢ on the 
basis of a Donnan equilibrium between the inside and the outside of the 
sphere; the equations used in this procedure can be found in reference 20. 

For Na-CMC-72, at total ionic concentrations of 0.01 and 0.001 equiv./I., 
the experimental specific conductance, y, is very close to wo + Zen(e/f)A 


08 


06 


\0” C(aeq/ml) 
04 


07 0 


Fia. 2. Experimental specific conductance » of an iso-ionic dilution series in which 
zo = 0.01 equiv./l.; c = concentration of Na-CMC-72. 
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Fre. 3. Specifie conductance of an iso-ionie dilution series for Na-~-CMC-78; xo = 
0.72 X 10> equiv./l. 


(compare Fig. 2); when x = 10, the value of » was considerably larger 
than uo + Zen(e/f)A. On the contrary, for Na-CMC-73, the quantity 
uo + Zen(e/f)A was always larger than x, the difference varying from 
about 5% to about 20% (compare Figs. 3 and +). From a theoretical point 
of view, it is more satisfactory to compare the experimental value of u — po 
with the theoretical one, but this does not change the magnitude of the 
discrepancy between theory and experiment, which remains of the order of 
LO% to 15%, Considering the highly simplifying assumptions which led to 
Eq. [8], the agreement between this equation and the experimental data 
must be considered as surprisingly good. 

This result, in conjunction with the electrophoretic mobilities, suggests 
that relaxation effects did not play a very important role in either the 
electrophoresis or the conductance. If one remembers, in addition, that 
the application of the theory of relaxation must be based on uncertain data, 
it is not surprising that the application of Eq. [11] did not give very promis- 
ing results. In the series of low ionic strengths, xu, turned out to be lower than 
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Fia. 4. Specific conductance of an iso-ionic dilution series, 2) = 7.4 X 107% equiv./1.; 
Na-CMC-73. 


20 


uw; at larger values of 2 it was higher than yp: see the examples in Figs. 3 
and 4. In several cases, the value of u; could be calculated only for the 
lowest polymer concentration examined, because at higher polymer content 
the fraction ¢ turned out to be larger than unity. 

Van Geelen (9) estimates the mobility of the sodium ions from the total 
conductance of the mixture and the electrophoretic mobility of the poly- 
methacrylate ion. To this end, he assumes that the contribution of NaCl 
to the conductance is independent of the polymer content. He then finds 
that the mobility of the remaining sodium always decreases with increasing 
degree of neutralization of the polymer and sometimes reaches negative 
values. We submitted our own data for Na-CMC to the same treatment and 
found almost constant (positive) values for the Na mobilities. 

The assumption that the contribution of NaCl is not affected by the 
presence of the polymer ions, whereas that of the remaining ions is strongly 
dependent on polymer concentration is, of course, rather arbitrary. As an 
alternative, though equally arbitrary approach, one could assume that the 
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contribution of the Cl ions is independent of the polymer content and then 
calculate an average mobility for all the Na ions in the mixture. If this is 
done for Na-CMC, one finds again that the mobility of the Na ions is 
almost constant. 

Further attempts to analyze the conductance data have not been made, 
because we believe that the interpretation is complicated by a very serious 
factor which has not been mentioned so far: the viscosity of the solutions 
increases rapidly with polymer content. Many of the solutions investigated 
are several times as viscous as water. 

It was shown by Stokes (33) that even in solutions of low molecular 
weight electrolytes, the product of ionic mobility and viscosity is not 
constant, so that it is impossible to introduce reliable corrections, the more 
so since we do not know whether the viscosity affects the mobility of the 
polymer ions to the same extent as it does that of the small ions. Under these 
circumstances, it is all the more surprising that Eq. [8] represents such a 
good approximation, and we cannot exclude the possibility that this is, to 
a large extent, fortuitous. The electrophoretic mobility is, of course, not 
affected by the viscosity because it is obtained by extrapolation to zero 
polymer concentration. 
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INTRODUCTION 


The adhesive properties of ice have scarcely been studied experimentally 
from a fundamental point of view. There are numerous papers in the litera- 
ture on ice-releasing substances, which have been investigated especially 
with regard to airplane de-icing, but all this work has been done from the 
applied point of view. Some fundamental experimental work on tensile 
properties of ice sandwiched between metal plugs and some theoretical 
work using heat of immersion and adsorption data have been carried out 
(1, 2). Attempts have also been made to calculate adhesive strength (3). 

However, these approaches, though of intrinsic value, consider only some 
of the problems concerned with adhesion. It is generally true that sub- 
stances with which water forms a large contact angle adhere less to ice than 
those which show a small contact angle. But the contact angle can be con- 
sidered only as a guide. It is well known that ice and indeed all solid sub- 
stances have imperfections statistically distributed throughout their mass. 
Thus, the actual cohesive strength of ice is many magnitudes smaller than 
the one expected from theory (1). The same is true for the adhesive 
strength. Moreover, the plastic-elastic properties of the substances involved 
will also play an important role for the adhesive strength. Another compli- 
cation is caused by adsorption of gases at the interfaces. Unless extreme 
precautions are taken, adhesion between two substances does not take 
place between two clean surfaces but between surfaces which have gases 
adsorbed. Another complication arises owing to slight solubilities in each 
other of the substances involved. Last, the surface roughness down to 
molecular dimensions also plays a role. Thus, it is seen that adhesive studies 
deal with a complex situation. A realistic approach to adhesion will have to 
start with a systematic collection of experimental data, obtained under 
rigid experimental conditions. 

In the present work, a beginning has been made in the study of the ad- 


1 Presented at the 134th Meeting of the American Chemical Society, Chicago, Sep- 
tember 8, 1958. 
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hesive properties of ice with respect to stainless steel, polystyrene, and 
polymethylmethacrylate as a function of cross-sectional area and thickness 
of the ice specimen and also of temperature. Experiments were carried out 
by applying forces in shear and in tension. 


EXPERIMENTAL 


Materials 


Stainless steel was grade 304/A with polished surface; the finishing polish 
was obtained with Lapping Compound No. 38-900 A, U. 8. Products Com- 
pany. Cast polystyrene and polymethylmethacrylate (Lucite) sheets were 
selected such that no unevenness could be detected by visual inspection. 
Distilled water was passed through exchange resin and boiled out con- 
tinuously; the procedure will be described subsequently. Snow-ice was 
prepared as described previously (4). All cleaning fluids such as methanol 
and benzene were of reagent grade. 


Apparatus 


The tensile apparatus and the corresponding mounting device were the 
same as described in a previous paper (1). 

The shear apparatus was similar to the tensile apparatus except that the 
mounting apparatus and the shear apparatus were combined. (For details 
see ref. 5.) The ice was sandwiched between two metal disks or between a 
metal disk and a plastic disk. One of the disks had a hook which was con- 
structed in such a way that the force was acting in line with the disk-ice 
interface. 


PROCEDURE 
Tensile Experiments 


The mounting, carried out at —10°C., was critical and had to be stand- 
ardized rigidly. The polystyrene, polymethylmethacrylate, and metal disks 
were cleaned carefully with methanol before each test. That this cleaning 
procedure is satisfactory was shown by contact angle measurements (6). 
Thus, polymethylmethacrylate and polystyrene gave—using similar clean- 
ing procedures—initial contact angles of 87° and 90°, respectively. A metal 
disk was fixed into the steel rod of the vertical mounting device (see ref- 
erence 1, Fig. 1) and the plastic disk was fixed into the lower part. A flask 
with water boiling on a hot plate was always ready next to the mounting 
apparatus and water was squeezed out directly (wash bottle fashion) on 
to the plastic disk, forming a large drop which covered the whole surface. 
The drop was left to cool for a standardized time, which had to be found by 
trial for each cross-sectional area. Then the water at the edge of the plastic 
surface was touched with a pointed ice crystal; if the conditions were right, 
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the water froze so that the crystals traveled first across the plastic-water 

interface, driving residual air from the interface. As quickly as possible, 

the stainless steel rod carrying the metal disk was lowered to a predeter- 

mined distance; the whole assembly was left for at least 20 minutes and 

subsequently transferred to the tensile strength apparatus. It was noticed 

that the surface of the plastic disks became crazed and cloudy after a num- . 
ber of tests; thus, not more than three tests were carried out with each 

plastic disk. 


Shear Experiments 


With stainless steel disks, only snow-ice was used. Cylinders were turned 
on a lathe at —10°C. and frozen to one of the steel disks. The snow-ice 
cylinder was then cut to the desired height and mounted (for details see 
reference 5). 

In the case of a plastic disk, the seeding procedure as described in the 
previous section was used (see reference 5). 


EXPERIMENTAL RESULTS 
Shear Experiments 


Shear experiments for snow-ice (density ca. 0.886 g./cm.°) sandwiched 
between polished steel plates were carried out as a function of cross-sectional 
area at —5°C. (Table I) and as a function of temperature for constant cross 
section (Fig. 1, for details see reference 5). 

As can be seen from Table I, the adhesive strength of ice/stainless steel 
is independent of the cross-sectional area of the specimens and of the thick- 
ness of the ice. 

The adhesive strength of ice/stainless steel as a function of temperature 
rises linearly with decreasing temperature as is apparent from Fig. 1. It 
shows a very abrupt change from adhesive breaks to cohesive breaks in the 


TABLE I 
Adhesive Strength of Snow Ice/Stainless Steel 


Obtained from shear experiments as a function of cross-sectional area at —5°C. 
All breaks were purely adhesive. Thickness of ice layer 0.2 to 0.4 em. 


eee 


Adhesive strength 


Cross section (kg./cm.”) ane: ae. 
- 5 application 
(cm.”) Wen Standard Standard error (sec.) 

deviation of mean 

1.54 5.44 + 0.40 =EOaL2 14 
3.14 5.50 = 0.72 +0.19 23 
4.91 5.32 a= ll silt! +0.32 28 
6.61 5.41 + 0.49 +0.15 41 


ee ee ee ee ee 
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STRENGTH (KG/CM2) 


= NA So Oo Sy! @ oO 


(eo) 


TEMPERATURE (°C) 


Fig. 1. Strength as a function of temperature for snow-ice, sandwiched between 
stainless steel disks, obtained by shear. Cross-sectional area 1.54 em.?, height 0.2 to 
0.4 cm. Adhesive breaks only down to —13°C.; cohesive breaks only below —13°C. 
Each point represents the average of at least 12 tests. 


neighborhood of —13°C. Below this temperature, practically all breaks 
are cohesive and show only a very slight decrease with temperature. The 
adhesive branch of the curve in Fig. 1 can be represented by the equation: 


Sa = —1.24t — 0.18 kg./cm.’, [1] 


where S,4 is the average adhesive strength and ¢ the temperature in degrees 
centigrade. 

The magnitude of the cohesive strength is similar to that of the cohesive 
breaks by tension, reported in a previous paper (1). For instance, the ten- 
sile strength of snow-ice of height 0.5 cm. was found at — 4.5°C. to be 15.5 
kg./cm.” at a stress rate of 0.64 kg./cm.’-sec., which is of slightly smaller 
magnitude than the cohesive strength values found by shear. The average 
stress rate for the shear experiments at —14, —20, and —34.38°C. was 0.52 
kg./em.’-sec. The cohesive breaks are actually of similar shape to the most 
frequent type obtained previously under tension (see reference 1, Fig. 4A). 

Shear experiments were also carried out with ice frozen to polystyrene 
disks (for detailed data, see reference 5). The cross-sectional areas in the 
range from 3.14 to 9.6 cm.” have no influence on the adhesive strength. 
The shear data on the adhesive strength of ice/polystyrene as a function 
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Fia. 2. Adhesive strength of ice/polystyrene as a function of temperature, ob- 
tained by shear. Cross-sectional area 9.61 cm.?, height 7.6 X 10-2? em. Each point 
represents the average of at least 12 tests. 


TABLE II 
Adhesive Strength of Ice/Polystyrene 


Obtained from tensile experiments, (a) at —5°C. for two cross-sectional areas; 
(6) as a function of rate of stress application at area 1.54 em.? Thickness 0.1 cm. 


Adhesive strength (kg./cm?.) 
(a) 
Cross section (cm.?) = Type of break 
Mean, rota MEsoaatbere | Sapard | Standard ero 
1.54 — 3.3 +2.4 +0.7  |\ : 
3.14 zs 2.1 +£0.16 zofopy Wvet Scheer 
(b) 
Rate of Stress® appli- 
cation kg/cm.2 Sec. 
0.3 = 1.9 +0.34 +0.10 All adhesive 
1.0 Bowel Past : i 
0.50 +£0.16 10 adhesive 
2 cohesive 


2 For rate 0.55 kg./em.?/sec., see under (a). 


of temperature at constant cross section are plotted in Fig. 2 and can be 
expressed by the equation: 
Sa = —2'3'X 10% ke Jom, [2] 


These experiments also had an approximately constant rate of stress ap- 
plication (see reference 5). 
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Fia. 3. Adhesive strength of ice/polystyrene as a function of temperature, ob- 
tained by tension. Cross-sectional area 1.54 cm.?, height 0.1 cm. Each point repre- 
sents the average of at least 12 tests. Atmospheric pressure should be subtracted from 
strength values. 


Tensile Experiments 


Tensile experiments were carried out with ice frozen to polystyrene and 
polymethylmethacrylate (Lucite). The data for two different cross-sectional 
areas for polystyrene obtained at —5°C. are shown in Table II (a). Ap- 
parently, the cross-sectional areas have little influence in this range of areas. 

The strength was also investigated as a function of temperature keeping 
the cross section constant. The mean adhesive values are plotted against 
temperature in Fig. 3 and can be represented by 


Sa = —0.173t + 1.81 kg./cm.”. [3] 


For the tensile experiments also, the rate of stress application was found 
to be approximately constant. (For details, see reference 5). 

A number of experiments on the system ice/polystyrene were carried 
out at different rates of stress application (different speeds of motor). The 
results, listed in Table II (b), show that the rate of stress application in the 
range investigated has no effect on the adhesive strength. 

A number of experiments were also carried out on adhesion of ice to 
polymethylmethacrylate (Lucite) at —5°C. For a cross-sectional area of 
0.785 cm.”, thickness 0.1 cm. and rate of stress application of ca. 1.1 kg./ 
em.’/sec. a mean adhesive strength of 4.4 kg./om.” was found (standard 
deviation +2.9, standard error of mean +0.7). There were 19 adhesive 
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breaks and 4 borderline cases. These data indicate that the adhesive 
strength of ice/polymethylmethacrylate is larger than the adhesive strength 
of ice/polystyrene. 

DISCUSSION 


The shear experiments where snow-ice was sandwiched between two stain- 
less steel plates will be discussed first. These experiments bring out three 
remarkable characteristics: First, the adhesive strength is independent of 
cross-sectional area; second, the adhesive strength is independent of the 
thickness of the ice layer (only a small range has been investigated); and 
third, adhesive strength is a linear function of the temperature until it 
becomes larger than the cohesive strength of ice at about —13°C., where 
a very sharp transition from adhesive to cohesive breaks takes place. 

The only experiments by other authors which are of interest in this con- 
nection are those by Hunsaker et al. (7). Their experiments on the ad- 
hesive strength of ice/brass as a function of temperature show a striking 
similarity to the results obtained here with stainless steel. The transition 
point from adhesive to cohesive breaks_was found by these investigators 
to be about —12°C. whereas the one found in the present work lies at 
about —13°C. 

Similarly, as in the case of tensile strength (cohesive strength) of ice (1), 
the experimental adhesive strength is several magnitudes smaller than ex- 
pected from theory. Czyzak (3) has calculated the adhesive strength of 
water adhering to iron by a classical and a quantum-mechanical method. 
The classical adhesive strength at 300°K. was calculated as 13050 kg./em.” 
and the quantum-mechanical one as 6770 kg./cm.”. Moreover, this strength 
should be almost independent of temperature. The experimental adhesive 
strength at 268°K. was found in the present work to be about 6 kg./em.’. 
In a previous paper (1), the present author accounted for this discrepancy 
by the assumption of imperfections randomly distributed in the ice; these 
imperfections were assumed to have a definite strength distribution. It was 
found that the tensile strength increases very rapidly as the height of the 
ice disks decreases. Two theoretical cases can be distinguished. First: as 
soon as the strength of the weakest imperfection of the specimen is reached, 
rupture of the specimen takes place. For such a case, the average tensile 
strength should be a function of the volume of the specimens only. Second, 
when the strength of the weakest imperfection in the specimen is reached, 
a crack of definite average length is produced, then the next weakest im- 
perfection opens up until in cascade fashion the specimen is ruptured. In 
this second case, the average tensile strength will depend not only on the 
volume but also on the cross-sectional area. 

Similar assumptions can be made in the case of adhesion. If adhesive rup- 
ture takes place when the strength of the weakest imperfection is reached, 
the adhesive strength—using a Weibull distribution (1)—is given by 
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Sahay” +..¢ [4] 


where S, is the average adhesive strength, 8, ki: , and C are constants, and 
A is the cross-sectional area of the specimen. In the second case, where rup- 
ture takes place in cascade fashion (for derivations, see references 1 and ye 
the adhesive strength is independent of cross-sectional area, in agreement 
with the experimental results. 

Although the assumption of imperfections in or near the interface ex- 
plains the low experimental adhesive strength as compared with the theo- 
retically expected one, it fails completely to account for the marked dif- 
ference found in the behavior of the ice disks in tension and in shear. If 
the ice is assumed to adhere directly to the stainless steel, there is no ap- 
parent reason at all why the adhesive bond should be so small in the case 
of shear and so large in tension. The adhesive strength at —5°C. was about 
6 kg./em.” in shear; in tension, if the ice disk was thin enough, 70 kg./em.” 
could be applied without obtaining an adhesive break, and there is no reason 
why a larger stress could not be applied if the disk could be made still 
thinner. As a matter of fact, the bulk tensile strength of snow-ice is of similar 
magnitude as the bulk shear strength and also as that of the torsional shear 
strength (8), and they are only slightly dependent on the temperature. 
The large temperature dependence of the adhesive strength is indicative 
rather of a viscous process in a liquid than of shear strength of polycrystal- 
line solids. 

This contradictory behavior under shear and tension can, however, be 
reconciled if the assumption is made that a liquidlike layer, an amorphous 
layer, with properties somewhere intermediate between ice and water is 
situated in the interface. 

The suggestion that a liquidlike layer exists on ice in the neighborhood 
of the melting point is not new. Faraday (9) suggested such a theory in 
1859 to explain the phenomenon of regelation. Tyndall (10) supported 
Faraday’s idea (see also Dorsey (11)), but J. Thomson (12) and W. 
Thomson (Lord Kelvin) (13) argued against it and put forward the idea 
of pressure melting. However, very large pressures are needed to depress 
the melting point of ice (e.g., under 590 atm. the melting point of ice is 
—5°C.), and this theory does not seem to be tenable. In this connection, 
Bowden’s and Tabor’s (14) discussion of a liquid layer on ice produced by 
friction is of interest (see also Bowden (15)). More recently, Weyl (16) 
assumed a liquidlike layer on ice for energetic reasons. Nakaya and Matsu- 
moto (17) carried out experiments on the cohesion of ice spheres and found 
quite frequently that the spheres rotated before separating, which is a good 
indication of liquid layers on the ice spheres. Similar experiments in a more 
quantitative way were carried out by Jensen (18) supporting the con- 
clusions of the Japanese workers. Hori (19) performed interesting experi- 
ments on the freezing and evaporation of thin water films. Observations 
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indicated, though not with certainty, that very thin supercooled water 
films (ca. 1 « thick) did not crystallize even when seeded. 

On the basis of these observations, it is not unreasonable to assume that 
ice has a liquidlike layer on its surface not only when in contact with air 
but also when it is in contact with other substances, such as steel and 
polymers. The properties of such a film would be influenced by the nature 
of the solid surface. Thus, it is not to be expected that the liquidlike layer 
is of the same consistency and thickness when in contact with metal as 
when in contact with various polymers. 

The consequence for shear and tensile experiments of assuming a liquid- 
like layer in the interface will now be considered. Such a discussion must 
be semiquantitative at best, as practically nothing is known quantitatively 
of the viscosity, thickness, and other properties of such films. In the case 
of shear, the liquidlike layer will be assumed to be a Newtonian liquid as 
a first approximation. For a film between two parallel plates of which one 
is stationary and the other moves with a velocity v; at time ¢, a relationship 
is valid as follows: 


Emmett [5] 


where o; is the shear stress at time ¢; the effective viscosity coefficient 
and L the thickness of the liquidlike layer; and v; the velocity of the metal 
plate at time ¢. As the adhesive strength was found to be independent of the 
cross-sectional area, boundary effects do not seem to be important. In 
Eq. [5] », LZ, and vy; are not known experimentally; only the breaking stress 
and total deformation velocity are known; the latter is given by the move- 
ment of the threaded steel rod. In the present instance, the total deforma- 
tion rate was always 9 X 10° em./see. However, this total deformation 
velocity is shared between the test sample and the chain connecting the 
sample to the load cell. It was shown in a previous paper (1) that practi- 
cally all the deformation takes place in the chain. Thus, the system can be 
considered to be composed of a dashpot and spring in series (Maxwell 
unit), whose total rate of deformation is constant; hence 


Te Ea 


C= eke + Ba? i 


where c is the constant total deformation rate; F; is the load at time ¢, 7 the 
viscosity coefficient and L the thickness of the liquidlike layer; ly the length 
and & Young’s modulus of the chain and R the radius of the specimen. 
Equation [6] can be written as: 


dt ly nah?) - U7] 


| 
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Actually, the rate of stress application was found to be nearly constant. 
This means that the second term in the parentheses of Eq. [7] should be 
small compared with the first one. An upper limit of L/y can thus be esti- 
mated. At —5°C., for instance, the adhesive strength for ice/steel was found 
to be 5.5 kg./em.” = 5.5 & 10° dynes/cm.” and c = 9 X 10° cm./sec.; 
hence 


aa, [8] 


should not be larger than about 1 * 10°’ cm./sec. This gives: 
L/n = 1.8 X 10” cm.’/dyne-sec. 


According to Weyl (16) the liquidlike layer should be several hundred 
molecules thick. If one puts L = 10°° em., then 7 = 5 X 10’ poises. Such 
a viscosity coefficient can be considered an effective viscosity only over the 
whole layer and will be appreciably influenced by surface irregularities of 
the confining solids. It may be remarked that the viscosity of supercooled 
water at —5°C. is 2.1 X 10” poise and that of crystalline ice is about 10“ 
poises (4). 

The large difference in the adhesive strength for the tensile and shear 
experiments can now be accounted for readily by assuming a liquidlike 
layer between the ice and the stainless steel plates. Surface tension forces 
will be considered first. The situation is shown in Fig. 4. The two solid 
phases are bound together by surface tension forces. In the present case 
the contact angles between ice, steel, and the liquidlike layer are assumed 
to be zero and the pressure difference Ap is given by Ap = 2y/L, where 7 
is the surface tension of the liquid and L the layer thickness. An upper esti- 
mate of the thickness of L can be obtained easily. It was found previously 
(1), when the cohesive strength of ice was investigated as a function of 
ice thickness, that the thinnest ice specimen, 2.5 10” cm. thick, showed 
a purely cohesive break with strength of 70 kg. /om.” at —5°C. Hence, the 
adhesive strength under tension must be at least 70 kg./ em.”, probably ap- 
preciably higher. Taking Ap = 7 X 10’ dynes/cm.” and y = 76.4 dynes/ 
em., which is the surface tension of water at —5°C., one obtains an upper 
estimate for L of 2 X 10 ° cm. Hence, an ice cylinder of several millimeters 
height as used in these experiments will break in cohesion long before the 
surface tension forces are overcome. 

Even if the surface tension forces were small, the viscosity would play 


2 In a recent paper by L. E. Raraty and D. Tabor [Proc. Roy. Soc. (London) A245, 
184 (1958)] it is stated that electrolytically degreased stainless steel has a zero contact 
angle, whereas stainless steel refluxed in benzene has an advancing contact angle of 
55° and a receding angle of 30°, which would reduce Ap by half if the ice/liquid and 


steel/liquid contact angles are both taken as 60° (cos 60° = 14). 
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LIQUIDLIKE LAYER 


Fra. 4. Liquidlike layer between ice and solid material. 


an important role when the two plates are pulled apart over time intervals 
of 10 to 20 seconds. The force F’; holding the plates together, assuming the 
liquid to be Newtonian, is given by (20) 


3nrR* 


a StL? 


where 7 is the viscosity, L the thickness of the liquidlike layer, t the time 
of complete separation of the plates, and & the initial radius of the liquid 
specimen. For 7 = 5 X 10° poises, L = 10° cm., ¢ = 10 to 20 sec., the 
ice will break in cohesion long before the separation of the plates is effected. 

The experimental results obtained with polystyrene and polymethyl- 
methacrylate can also be accounted for on the basis of a liquidlike layer in 
the interface. In the case of the shear experiments with polystyrene, an 
adhesive strength of about 0.13 kg./em.” was found at —5°C. Again using 
v, = 1 X 10° em./sec., the ratio L/n becomes 7.7 X 10 ° em.*/dyne-sec. 
Taking again 7 = 5 X 10° poises, which is probably not permissible, L 
becomes 3.9 X 10 ° cm. The case of tension is more complicated because 
of the finite contact angle. 

Though only a qualitative picture of the processes involved has been 
given here, it is believed that the assumption of a liquidlike layer is neces- 
sary for an understanding of the experimental results. 
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SUMMARY 


An apparatus has been constructed for the investigation of the adhesive 
strength of ice by shear experiments. 
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For the system snow-ice/stainless steel, shear experiments yielded pure 
adhesive breaks down to a temperature of about —13°C., where a sharp 
transition to cohesive breaks took place. The adhesive strength for this 
system is a linear function of the temperature, and is independent of the 
cross-sectional area and height of specimens in the ranges investigated. 

The system ice/polystyrene gave pure adhesive breaks on shear. The 
adhesive strength was found to be a linear function of temperature down to 
a temperature of —15°C. and independent of cross-sectional area. 

Tensile experiments on the system ice/polystyrene yielded a linear re- 
lationship between adhesive strength and temperature in a range from —2 
to —25.5°C. Cross-sectional area and rate of stress application had no 
effect on the adhesive strength in the ranges investigated. 

The system ice/polymethylmethacrylate showed a larger adhesive 
strength than the system ice/polystyrene. 

The experimental results are explained by the assumption of a liquidlike 
layer between ice and the solid interface. The thickness and consistency 
of this liquidlike layer are a function of temperature and the nature of the 
solid interface. The surface tension forces and frictional forces operative 
in the liquidlike layer are discussed. 
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ABSTRACT 


The study of thin films floating on a liquid hypophase (‘‘H-layer’’) has emphasized 
the properties of unimolecular layers. The important force/area curves have been 
studied in detail at low lateral pressures in the so-called gaseous, highly compressible 
state and in the condensed state at higher pressures. Beyond this range collapse was 
observed and most investigators were satisfied with recording the visual observation 
of crumpling. During the years a few observations have been collected which suggest 
the formation of homogeneous polymolecular layers, ‘‘situated’’ in the upper left 
corner of the conventional force/area diagram. 

The present report treats, as an example of this observation, the behavior of tri- 
iodostearic acid, which appears to change from the unimolecular to the trimolecular 
state. The analogy to a few other cases is discussed. 


INTRODUCTION 


In previous studies we have compared the behavior of terminally 
branched stearic acids with that of the normal isomer (1). The shape of 
long-chain fatty acids that carry methyl groups in the middle of the chain 
and also of the addition products of chlorine to oleic acid (2) seems to pre- 
vent the formation of H-films or renders it at least precarious. On the other 
hand, a cyclopropene ring inserted in the middle of an aliphatic chain as 
found in sterculic acid (3) or a cyclopropane ring in an analogous acid from 
Lactobacillus arabinosus (4), in other words, an extra methylene bridge 
between Cy and Cy offers no obstacle to film formation. 

In triiodostearic acid the iodine atoms certainly produce considerable 
bulges in the chain, but their arrangement is sufficiently symmetrical to 
permit the formation of films on an aqueous hypophase and even their 
building up on slides during alternating down and up trips. Combining the 
observations of force/area curves and thickness measurements on built-up 
films shows that triiodostearic acid may form ‘‘soft”? condensed unimolecu- 
lar films at lower pressure and multimolecular films of low compressibility 
under higher lateral pressure. The latter do not re-expand when the pressure 


1 Supported by U. S. Public Health Service Grants C-1791 and RG-4736. Part of 
the material of this paper has been reported to the Division of Colloid Chemistry at 
the 132nd Meeting of the American Chemical Society, September 1958, in Chicago. 
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is released, but they are of homogeneous structure and optically clear on 
building up. 


EXPERIMENTAL 


Preparation of 10,13,16-triiodostearic acid (5). One part of freshly pre- 
pared linolenic acid (6) was dissolved in one part (by weight) of glacial 
acetic acid, mixed with a concentrated solution of HI (about 20% HI) in 
glacial acetic acid and stirred for 48 hours under a stream of nitrogen and 
occasional heating up to 60°-70°C. The hydriodic acid in glacial acetic acid 
was prepared by mixing carefully 78 g. of acetic anhydride with 29.7 g. of 
57% aqueous HI for 2 hours and letting it stand over night until all the 
acetic anhydride had disappeared (7). 

The triiodostearic acid was precipitated in form of its sodium salt by 
addition of cold petroleum ether (b.p. 66°-75°C.) and 10 N sodium hy- 
droxide. From an alcoholic solution of this crude sodium triiodostearate the 
free acid was obtained by treatment with 60% of sulfuric acid and extrac- 
tion with ether. Density = 1.5735; refractive index = 1.5455. 

Force/area diagrams. Triiodostearic acid was dissolved to form a 10-3 M@ 
solution (66 mg./100 ml.) in benzene. This solution was used for spreading 
by placing about 0.3 ml. on the hypophase, which consisted of an aqueous 
solution of 8.10-* M KHCO; and 1.10~* barium acetate; the pH was 8.2. 
Figure 1 illustrates the force/area curves obtained at various temperatures 
on a Cenco Hydrophil balance; the measurements at 4°C. and 37°C. were 
carried out in constant-temperature rooms. 
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Under pressures from 1 to 21 dynes/cm. at temperatures of 4° and 22°C. 
the molecular area decreases continuously from 80 to 50 sq. A. At 37°C. 
a parallel curve is found in the range up to 19 dynes/cm. At this limit the 
film becomes highly compressible and will contract to 20 A. without in- 
crease of pressure. Whereas this would indicate collapse, no crumpling 
occurs and the contracted film behaves quite stable in the building-up 
operation. The pressure may now be raised a few more dynes until collapse 
sets in between 29 and 30 dynes/cm. 

Built-up films. Building up on metallized glass slides was carried out in a 
plastic tray of dimensions 21 by 45 cm. The thickness of the layers was 
measured with an ellipsometer of O. C. Rudolph, equipped with a photo- 
electric attachment. Building up at room temperature under 16 dynes/cm. 
(castor oil) or 19 dynes/cm. (neat’s-foot oil) pressure gives a thickness of 
30 A. for an AB-film, i.e., of 15 A. per molecular layer, from which the slant 
of the chain can be calculated to be 53°. 

Under 29 dynes/cm. (oleic acid) the strongly contracted film builds up 
to form double films of about 150 A. thickness, a figure twice the threefold 
length of an upright 18-carbon chain. As a less likely alternative one may 
conjecture that the thickness of 75 A. per single layer results from a com- 
bination of, for example, 5 times 15 A. of slanted molecules instead of 
3 times 25. 

Transition pressure is not sharply defined. At 19 dynes/cm. pressure a 
fresh film will build up with a thickness of 15 A., whereas after about 15 
minutes the film will have contracted and yield the higher figure of 75 A. 
_ A similar phenomenon of hysteresis may be observed under the pressure of 
oleic acid. Here the collapse point is approached and only freshly spread 
films may be built up. 


DISCUSSION 


The spreading of unimolecular layers and their behavior in the building- 
up operation forms a pattern which is fairly well understood. The factor, 
common to the great variety of compounds that undergo spreading, is the 
combination within a molecule of a hydrophobic and a hydrophilic portion, 
the latter usually comprising a positive or negative ionizable group. There 
are spreadable compounds of more involved structure, which carry several 
functional groups at various sites. In some instances such additional groups 
influence the arrangement of molecular films to a considerable degree. 

In the simple case of monofunctional compounds it is known that com- 
pressibility is reduced to a minimum, but the pressure, capable of pro- 
ducing collapse, varies a great deal depending on the nature of the com- 
pound. In general, the larger the van der Waals’ forces and their share in 
the force which holds the molecules together, the higher the collapse pres- 
sure. What happens when a film collapses? An interesting contribution to 
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this topic is made by Ries and Kimball (8). They selected n-hexatriakon- 
tanoic acid because of the large van der Waals’ forces and the correspond- 
ingly high collapse pressure, and also because of the fact that the thickness 
of its molecular layers is as high as 50 A., which lends itself to electron- 
microscopical observation. This acid was spread in doubly distilled benzene 
on deionized water on a modified Cenco film balance. The film was then 
deposited upon a collodium-covered standard 200-mesh screen, either by 
lifting through the monolayer or by building up as a B-film according to 
Blodgett and Langmuir, on the upward motion under constant lateral pres- 
sure. One had originally believed that monolayers were homogeneous at all 
stages of compression. Observations under the dark field ultra-microscope 
and surface potential measurements suggested heterogeneity at low pres- 
sures and again in the region of collapse. The electron microscope permits 
studies of such details on a minute scale. At medium pressures, about 15 
dynes/cm., the expanded hexatriakontanoic acid film has begun to con- 
solidate in crystalline islands; at higher pressures this phase becomes con- 
fluent and at 40 dynes/cm. the lacunas in the contiguous film have disap- 
peared. Up to this point the thickness of the film, as measured by the 
shadow at its boundaries, is 50 A., corresponding to the length of the mole- 
cule. When the collapse pressure of ca. 57 dynes/cm. is reached, one ob- 
serves the formation of tiny blisters or bulges, often in linear alignment. 
Eventually, ridges form and, by breaking and tumbling back on the mono- 
layer, elongated folds are observed. These long flat structures, say 0.1 yu 
wide, are about 100 A. or two molecules thicker than the monolayer itself. 

When an extremely dilute solution of hexatriakontanoic acid is brought 
directly on the screen in quantities smaller than needed for a closely packed 
monolayer, platelets of ca. 100 A., i.e., two molecules thickness, are ob- 
tained. This indicates the strong cohesion of the long aliphatic chains with 
strong attraction between the polar groups forming micellas polar face to 
polar face; these dimeric structures may be important for folding, previous 
to collapse, and also for the great facility with which alternating mono- 
layers are built up by the Blodgett-Langmuir techniques. 

Polyfunctional structure may be responsible for observations (Sobotka, 
9) that porphyrins under 30 dynes/cm. on water form films 30-36 A. thick, 
which is twice the longest extension of the porphyrin molecules. The multi- 
polar structure of the various porphyrin derivatives, so tested, makes it 
plausible that they form bimolecular sheets under high pressures with the 
molecules standing on edge. The building-up technique then leads to 
quadruple films. 

Other observations (Sobotka and Rosenberg, 10), which call for the 
assumption of dimolecular films on water, have been made with the hepta- 
decylsemicarbazone of cyclohexanone (11) with apparent molecular cross 
section of 11 A.? under 30 dynes/cm. This phenomenon was explained by 
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twinning under the influence of hydrogen bonds; it is absent in the 4-hepta- 
decyl-2-methylsemicarbazone of cyclohexanone (11). 

Another analogous situation has been described by Ekwall and Ekholm 
(12) for lithocholic acid, a bile acid carrying polar groups, 1 carboxyl and 
1 hydroxyl, at the extremities of its molecule. Its force/area curve reaches 
with increasing pressure a plateau at about 80 A.2/molecule, which corre- 
sponds approximately to the smallest area compatible with dense packing 
of the molecules that would have both hydrophilic groups still in contact 
with the hypophase. From here on, instead of collapsing the film may be 
compressed. At an area of 29 A.?/molecule, the pressure again begins to 
rise to reach a sharp break at 24 A.?/molecule, resembling a collapse point. 
Since exchange with the saturated hypophase may be excluded, this value 
is little more than one-half of the smallest cross section of the molecule, 
ca. 44 A.*, but it is in good agreement with the concept that the lithocholic 
acid molecules form a triple layer with the molecules in each of the mono- 
layers being oriented in such a manner that they are standing on edge; the 
lowest layer dips its two hydrophilic groups into the hypophase, the upper - 
two layers have their polar groups adjacent to one another, and the stability 
of this grouping is enforced by hydrogen bonds. 

In the present case of triiodoacetic acid we believe that the formation of 
a triple film on water is favored by the strongly electronegative character 
of the iodine atoms in the upper part of the chain, sufficient to produce a 
macrohomogeneous film consisting of three monomolecular layers in the 
order ABA similar to the picture of the collapsed 36-carbon film. On build- 
ing up, this would lead to a double film consisting of 6 monolayers, starting 
from the metal plate in the order ABA. BAB. 

To sum up, molecules, in which the contribution of the main polar group 
to the cohesive forces is supplemented by strong van der Waals’ forces or 
by competing electrostatic forces of functional groups such as halogen sub- 
stituents or side chains in suitable positions, form monolayers more re- 
sistant to pressure; on higher pressure, where simpler films collapse, they 
form double or triple layers. These may be built up to what may be called 
“polymolecular films of the second order’’; they collapse at much higher 
lateral pressures. Such essentially dimeric structures may pre-exist in solu- 
tions of nonpolar solvents and give rise to micellae formation; one may keep 
an eye on similar dimerizations in aqueous solution, e.g., the pH-dependent 
association of hemocyanin and of hemoglobin. Such phenomena may be of 
biological significance, when one considers hypotheses of growth, which 
postulate the formation of a protein molecule by duplication of an existing 
protein molecule as a template (cf. 18). 
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ABSTRACT 


The kinematics of film splitting have been explored inside a role nip using a disc 
and cone apparatus especially developed for the purpose. High-speed photographs 
and cinematographs have been made of the action in the nip. 

Two regimes of flow have been discerned. At slow speeds, fluids have time to flow 
counter to the roll direction into the region of low pressure where separation begins. 
At high speeds, cavitation or bubble formation occurs in the low-pressure region. The 
number of bubbles formed has been counted as a function of speed, nip pressure, and 
film thickness: they increase with increases in the first and third of these variables, 
and decrease slightly with increase in the second. Pigmentation increases the number 
of bubbles formed. These cavitation studies have shed light on the mechanisms of 
film splitting and fluid transfer. 


INTRODUCTION 


The splitting of liquid films is vitally important in lubrication, adhesion, 
and the application of coatings, paints, and printing inks. Nevertheless, 
little has been done to elucidate the exact mechanism of splitting. The first 
significant theoretical work was done by O. Reynolds (1) in 1886; yet the 
first high-speed pictures of splitting were just recently reported by Sjodahl 
(2) in 1949. These pictures of the filaments which form at the exit of a 
roller nip system in high-speed splitting showed the behavior only after 
most of the splitting action had taken place. Banks and Mill (3) had looked 
into the roll nip between glass rolls entirely immersed in liquid, but no 
previous examination has been made of behavior inside the nip when a thin 
film splits between separating surfaces. 

The splitting of thin liquid films involves an elusive quality of stickiness 
or adhesiveness which may or may not be a unique physical property of 
the material being split. Tack, tackiness, and tacky adhesion are the terms 
usually used by craftsmen to describe this property. “Tack” is most com- 
monly used and is adopted here to mean only the cohesive properties of 
the film as contrasted with its adhesive properties. 


1 Based on a portion of the Ph.D. dissertation of J. C. M. presented to Lehigh 


University, October 1956. ; 
2 Sinclair Fellow, Printing Ink Research Institute; present address, The Bakelite 


Company, Bound Brook, New Jersey. 
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Tack may be defined qualitatively as the resistance to rapid splitting of 
a thin liquid film (4), but a quantitative definition is considerably more 
complex and difficult to develop. Few attempts have been made toward 
this end (1, 5). The first step in arriving at a quantitative expression for 
the splitting of films is the development of a rheological equation of state. 
Therefore, the ultimate objective of the work is to establish a fundamental 
relation between tack and certain physical properties of the material. The 
complex flow pattern caused by shear normal to the confining surfaces 
must be defined before any attempts can be made to describe the forces; 
consequently, the present study is confined to the kinematic aspects of film 
splitting. The primary aim thus became one of obtaining a photographic 
record of the liquid at the instant of rupture. 

In the separation of parallel plates, the beginning conditions of the ex- 
periment are static and are defined by the area of the plates and clearance 
between them. Although film splitting on a roller system is a simpler situa- 
tion kinematically because of the controlled separating conditions, the 
incipient split is not static and, consequently, is more complex. This com- 
plexity is the result of the flow which occurs up to the rupture point which 
gives rise to shearing before splitting begins. 

In the dynamic situation encountered in roller systems, the question 
arises as to whether true contact is attained during the time that the ma- 
terial is being compressed on its way through the nip (6). In this initial 
study, the reasonable assumption has been made that the force on the 
roller and its pre-wet condition are adequate to establish intimate contact. 

Figure 1 is a description of the flow and pressure profiles under condi- 
tions which exist for a moving plate and rotating roller. The pressure peak 
is skewed toward the side at which the surfaces approach each other. 
Maximum pressure is reached at a plane of no shear (discussed later), to 
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Fia. 1. Flow and pressure profile of rotating roller and plate. 
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the left of which is a liquid bank, and to the right of which the pressure 
profile is bowed into nearly parabolic envelopes the curvature of which 
rises to a maximum at the nip center, then drops to zero near the exit, indi- 
cating a second plane of no shear. The pressure also reaches a minimum at 
this point. 

Cavitation occurs near the exit, that is, near the plane of no shear. Al- 
though usual hydrodynamic theory does not apply in the cavitation region, 
one can state that the pressure reaches some negative value in order for 
the liquid to fracture. 


Photographic Studies of Splitting Films on Roller Systems 


Until the development of methods of time magnification by short-dura- 
tion flashes and high-speed motion pictures, little photographic work had 
been done on the kinematics of rapidly splitting films. Sjodahl (2) obtained 
microsecond exposures of splitting films from outside a roller system, and 
established that filaments of liquid attached to both rollers were present 
and that rupture of the filaments of liquid attached to both rollers consti- 
tuted final splitting. Later, high-speed motion pictures were obtained by 
the Interchemical Corporation Laboratories (7). Sjodahl (2) and Banks 
and Mill (3) suggested that cavitation occurred during the separation in 
air and that the cavitation provided an upper limit to the force or work 
required to separate the film. 

In a remarkably accurate conjecture, Blockhuis (8) described the proba- 
ble sequence of action of the film splitting as cavitation, bubble expansion, 
and finally elongation and rupture of the filaments. It was known that the 
patterns left by the rapid separation of parallel plates (9) are not smooth 
but have jagged valleys and peaks, with the peaks all connected like a 
range of mountains with small ridges branching off the main range. 

The requirements of an instrument to investigate the origin of film 
splitting are simple. First, one of the surfaces must be transparent in order 
to observe the action when the split is just beginning; second, a method 
must be devised to observe the phenomenon; and finally, more fruitful 
results are to be expected from observation of the splitting in a steady-state 
condition. Although the parallel plate separation fits the first two require- 
ments well, a roller system appears to be the only apparatus which will 
satisfy the third requirement. Furthermore, the pressure and flow pattern 
in a roll nip are quite different from those in parallel plate separation. 


Meruops AND MATERIALS 
Discone Apparatus and Procedures 
The modified roller system designed from the requirements set forth 


above is shown schematically in Fig. 2. One of the “rollers” is a circular 
glass disc A; the other is a steel cone B the largest diameter of which is 
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Fic. 2. Film splitting apparatus ‘‘the discone”’ 


one-fourth the diameter of the disc. The disc rotates on its axis; the cone 
rotates with its apex at the center of rotation of the disc and with its lateral 
surface in contact with the disc to give an area of observation of the nip 
which is motionless with respect to an external observer. The interior of 
the nip is observed through an eight-to-twenty-power microscope. 

To distribute a liquid film on the cone and disc, a volume of liquid from 
a pipet is spread on the plate, a portion on each of the quadrants. The drive 
to the plate is engaged and the roller system run until the film appears to 
be evenly spread over the cone and disc. After distribution of the film, the 
motor is halted and the microscope focused on the cone surface and ad- 
justed so that the liquid film contact area in the roller nip is in the center 
of the photograph. The desired force was applied by tightening screw D 
on the spring S shown in Fig. 2. 

Operation of the “‘discone” for the present studies consisted of matching 
the tangential velocities of the cone and dise at the desired velocity and 
then taking three or more photographs under each experimental condition. 
All photographs for a given film thickness were taken on the same area 
of the glass disc to minimize the effect of surface variations of the disc 
(as much as 0.005 in.). A mirror reflex 35 mm. Alpa Alnea Model 4 camera 
with a focal plane shutter was used. 

To record the observations and to obtain a more detailed view of the 
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splitting action, the low-power microscope was focused on the nip through 
the glass disc. The short exposures necessary to stop the motion were ob- 
tained by a 2-microsecond flash provided by discharging 40,000 volts across 
a gas-filled tube. The microflash unit was built by the Interchemical Cor- 
poration. 

The camera, microscope, microflash, and discone were assembled so as 
to provide an intense beam reflected from the cone surface. The microflash 
was electrically connected to the camera shutter to synchronize the opening 
of the shutter and the flash. The film was Eastman Kodak Tri X with an 
ASA rating of 160 tungsten, 200 daylight. Most of the individual 35-mm. 
negatives were projected onto a screen at 40 to 60 magnification; some were 
enlarged and printed. 

The high-speed motion pictures were taken with a Fastax high-speed 
camera at 2000 frames/sec. in the Bell Laboratories in New York. 


Materials 


Two liquids were studied in the course of the experiments. Table I lists 
their molecular weight, the viscosity, and density. 

Two dispersions were prepared to study the catalytic effect of a dispersed 
solid phase. Calcium carbonate, surface area of 16.2 m.?/g. and particle 
size 0.13 + 0.08 u (11), was coated with stearic acid from alcohol solution. 
After washing in benzene and drying, the surface was characterized as 
90% hydrophobic by water adsorption at 79% relative humidity. The 
coated and uncoated calcium carbonate were dispersed in linseed oil and 
polybutene, respectively, at 2% by volume to produce two dispersions with 
widely different interfacial adhesions. Final mixing was done on a three-roll 
mill by passing the dispersion over the mill three times with a loose roller 
setting. The relative viscosity of both dispersions was 1.1. 


RESULTS OF OBSERVATIONS ON SIMPLE LIQUIDS 


Two observations at tangential velocities low enough to permit visual 
observation through the microscope were found useful for interpretation 
at higher velocities where only the camera could stop the action. Three 


TABLE I 
Physical Properties of the Liquids 


Se nn eee tEtEttEtdESESSsSa 


Molecular Viscosity at Density at 


weight Avg. 252Cs 25°C. 
Indoil Polybutene H-100 780 220 0.88 
Superior varnish linseed oil ca. 880 165 0.95 


Viscosities were measured in a Sun Rotational Viscometer (10). 
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Fria. 3. Typical discone pattern. 


typical patterns are shown in Fig. 3. In each of these exposures three re- 
gions are identifiable: the bank (top), the nip or contact area, and the 
cavitation and filamentation region. The scratches are the polishing marks 
left on the cone. The low shear velocity was 0.2 cm./sec.; moderate, 15 em./ 
sec.; and high, 31 cm./sec. What appear to be streamers at the edges of 
the arches at the bottom of the low-shear picture are webs of liquid perpen- 
dicular to the roller surface. 

At the two higher velocities, a new phenomenon appears in the form of 
roughly circular discontinuities in the contact region which had been clear 
at lower tangential velocities. At moderate shear the discontinuities are 
elliptical and appear to touch one or both of the roller surfaces. At high 
shear a large increase in the number of discontinuities can be seen, and 
further, they appear as almost perfect circles. These discontinuities are the 
cavities postulated earlier (2, 3, 8). It can be seen that the cavities are 
rather large when first observed; therefore, their first growth is extremely 
rapid. 

The interpretation of the photographs with respect to identifying the 
major features is best performed using the following picture of flow through 
a roller nip. As a model, an area of the liquid film perpendicular to the roller 
surface of length / and width 2h, equal to the film thickness on the roller 
system will be adopted, as shown in Fig. 4. An equivalent area (or plane 
of no shear) occurs on the downstream side of the nip. 

The total thickness of the films from both rollers is equal to the clearance 
2h. At the plane corresponding to this clearance, pressure is built up to its 
highest value by the presence of a bank of liquid at clearances greater than 
2h. As the liquid moves through the nip, the clearance decreases and forces 
the liquid area of the model to bow forward at the center and assume a 
parabolic configuration, thereby producing a velocity gradient. The velocity 
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Fia. 4. Plane of no shear and maximum pressure. 


gradient is a maximum at the minimum clearance and decreases as the 
surfaces begin to separate. At a plane as distant from the minimum clear- 
ance as the high-pressure plane on the other side, the velocity profile be- 
comes flat again, indicating no shear. After passing this second plane of 
no shear, the fluid either cavitates or flows into the arches shown in Fig. 5. 
If the velocity is sufficiently high to produce cavitation, then the bubbles 
expand as they move toward the exit. Coalescence of the bubbles leaves 
attached to both rollers tiny filaments which are elongated by the increasing 
separation until the stresses become high enough to cause rupture. The 
film separation is then complete. 

The high-speed motion pictures obtained at 2000 frames/sec. verified 
and amplified the sequence of action described above. The additional ob- 
servation at velocities low enough to have well-defined arches coexisting 
with bubbles is that the arches penetrate explosively into the bubble as the 
bubble approaches the interface; this motion is opposite to the direction of 
roller movement. Since the pressure of the air on the external side of the 
interface is atmospheric, the push of the arch back onto the bubbles indi- 
cates that the bubble pressure is significantly lower than atmospheric. 

At low velocities the flow between the separating members is purely 
viscous. The arches and streamers described previously are characteristic 
of this regime of separation. After the liquid has moved through the plane 
of no shear, most of the viscous flow is backwards into the nip. Figure 5 
shows the probable streamlines of the webs of a roller system, viewed 
parallel to the axis of the rollers. The stagnation point at the leading edge 
may be noted. 

Flow in the arches observed at low speeds in the discone system is more 
complex in that it is not as symmetrical as the pattern in Fig. 5. 


Fia. 5. Wet streamlines. 
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After the critical velocity for cavitation is reached, the kinematic picture 
changes. The arches and webs disappear and the bubbles and filaments 
take over the function of reducing the stress. The bubbles act as centers of 
dilation until they coalesce and leave an accumulation of filaments. The 
dilation of the bubbles gives rise to radial and tangential flow around the 
bubble by the interstitial liquid. In this second regime of flow the arches 
which characterize the first regime lose their identity, and the final split 
becomes more a coalescence of bubbles than arch penetration into the 
bubble. 

The division into two regimes of flow is determined by the velocity of 
the roller system and the viscosity of the liquid. The higher the viscosity, 
the lower the velocity at which cavitation sets in. Between the two regimes 
of flow lies an ill-defined region similar to the region between laminar and 
turbulent flow well known in hydrodynamics. The arches of the first regime 
are present along with the cavitation bubbles of the second. In this region 
the bubbles enlarge in a direction transverse to the line of flow rather than 
isotropically (i.e., they squash out along the roller axis). 


Discussion 
Nucleation 


The pronounced increase in B with speed suggests an analogy with 
Von Weimarn’s (12) concept that the degree of supersaturation during 
nucleation determines the number of nuclei. If the rate of cavity formation 
per unit area of liquid in the plane of observation is denoted by B, then 


Dk be oe aA 
Dire een [1] 


where U is the instantaneous rim velocity and U is the critical velocity 
at which Regime 1 (no cavitation) passes over into Regime 2. 

Although nucleation theory has progressed far beyond this simple situa- 
tion, the kinematic data obtained in this research obey Eq. [1] rather 
closely. The criterion of nucleation is not only U but also the viscosity 7, 
so that the Un product controls the regime of flow and determines the num- 
ber of nuclei in the second regime; i.e., 


a One Uen 
B= 
Den [2] 
The relation between Un and B is called the cavitation curve. It is drawn 
as a linear function and does not include all the experimental points. Never- 


theless, it reveals a number of significant experimental variables as discussed 
below. 
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Fie. 6. Influence of operational variables on bubble formation. 


Effect of Velocity, Force, and Film Thickness 


Three variables involving the instrument were considered to be important 
during the separation process: the clearance at the instant of separation 
(film thickness), the force applied to the cone, and the velocity of separa- 
tion. The first experiments were concerned with establishing the relation- 
ship of these instrument variables with the average number of bubbles. 
Photographs at three speeds, three forces, and three film thicknesses were 
analyzed factorially. The results of the analysis of variance are shown in 
Fig. 6, where the average number of cavities per centimeter (transverse to 
the direction of flow) is plotted versus speed, force applied to the cone, 
and film thickness. 

The small but significant effect of force is plotted in the middle section 
of Fig. 6, indicating that increasing force decreases the number of effective 
nuclei. 

Likewise, film thickness does not influence greatly the number of bubbles. 
Figure 7 shows that as the film thickness increases, the dependence of B 
on U increases. The critical velocity is unchanged. One explanation of the 
greater nucleation rate for thicker films is that the nucleation line has a 
finite thickness and consequently provides a larger volume for greater films; 
thus, the chance of finding nuclei in the zone becomes greater (13). The 
slope of the nucleation curve is then indicative of the probability of finding 
a nucleus. It should be pointed out that an increase in the clearance re- 
duces the pressure or tension required to split the film according to theo- 
retical concepts. Factorial experimentation also showed a large interaction 
between speed and film thickness. For these reasons, the effect of film 
thickness on bubble count B appears to be insignificant. 

Since the equation of Banks and Mill (14) for the pressure in a liquid 
involves the separation velocity U; rather than the tangential velocity, 
and since the separation velocity is a linear function of the tangential 
velocity U, of the roller, the Usn product was used as the criterion of cavi- 
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Fia. 7. Effect of film thickness on bubble count. 
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Fig. 8. Cavitation curve for polybutene. 


tation. Figure 8 shows the relation between the Usn product and the num- 
ber of bubbles for Polybutene H-100. The scatter greater than the standard 
deviation of the bubble counts reflects a number of influences: uncertainty 
in the U,n product, changes in the minimum clearance, and irregularities 
in the thickness of the film. 

The viscosity used in the calculation of the Usn product was the viscosity 
at the room temperature of the run. The cavitation curve for Superior 
varnish linseed oil 165 is shown in Fig. 9. The slope and intercept of the 
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Fic. 9. Cavitation curve for linseed oil. 
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Fra. 10. Cavitation curve for pigmented polybutene. 


Indoil Polybutene (Fig. 8) calculated by least squares are 0.28 and 25, 
respectively. For the linseed oil the slope is 0.34 and the intercept 21. It 
appears that the U.n product is the primary criterion for the average num- 
ber of bubbles formed, since the composition of the vehicle had virtually 
no effect. This hypothesis is further strengthened by the fact discovered 
in connection with this work that the average number of bubbles is not 
affected by changes in ambient air pressure. 
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Effect of Nucleus (Pigments) 


To ascertain quantitatively the catalytic effect of solid foreign nuclei, 
two dispersions differing as widely as feasible in molecular attraction as the 
liquid-particle interface were prepared in order to provide dispersions of 
widely different cohesive strength. No precaution was taken to eliminate 
adsorbed air from the particle surface except to dry the solid to remove 
adsorbed water. The interfacial adhesion of the CaCO;-linseed oil 165 dis- 
persion is characterized by dispersion and polar forces while the stearic 
acid-coated CaCO; dispersed in Polybutene H-100 provides mostly dis- 
persion forces for adhesion. 

The cavitation curves for the two dispersions are plotted in Figs. 10 and 
11. Both curves establish that the dispersed particles do catalyze bubble 
formation, apparently to the same extent. The slopes of both curves by 
the method of least squares are about the same as the slopes for the vehicles 
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Fic. 11. Cavitation curve for pigmented linseed oil. 


TABLE II 


Slopes and Intercepts of the Cavitation Curves 
eee 


Catalytic 
Slope m es aye 
an (bubbles/cm.) 
Polybutene H-100 0.28 25 — 
Coated CaCO;-Polybutene H-100 0.32 —2.0 75 
Linseed oil 165 0.34 21 — 
CaCO;-linseed oil 165 OFSS 3.9 60 
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but the intercept on the Un axis is much lower. Table II compares the 
intercepts and slopes of the dispersions with those of the vehicles. The 
difference in the intercepts of the two dispersions is too slight to be con- 
sidered significant. 

Interfacial adhesion between pigment and vehicle does not play a promi- 
nent role in the formation of bubbles in these dispersions. Air adsorbed on 
the particle surface is apparently the source of the catalysis and these 
nuclei overshadow the effect of interfacial adhesion. It appears likely that 
other systems might lead to different conclusions. The presence of volatile 
components such as water at the interface might have an important effect. 
Furthermore, pigments with other surface properties may behave quite 
differently. 

The catalytic activity of the dispersions can be expressed as the differ- 
ence between B of the dispersion and B of the vehicle for a U.n product 
above the (U.n)o value for the vehicle. Since the slopes of the curves are 
equal or nearly equal, the catalytic activity is constant throughout the 
velocity range investigated. The catalytic effect of the 2% (by volume) 
dispersions increases the number of bubbles for any U,n by approximately 
60 to 75 bubbles, as shown in the last column of Table II. 

A description of the flow in the nip and a study of the factors involved 
were the objects of the present work. Chief requirement in future studies 
is to elucidate the forces resisting splitting. Finally, it should be stated that 
nucleation can be studied with this novel discone device under well-con- 
trolled conditions so that further light might be shed on this important 
physical phenomenon. 


REFERENCES 


1. Reynotps, O., Trans. Roy. Soc. (London) 177, 157 (1886). 
2. SsopaHL, L., Paper presented at the First Annual Meeting of the Technical 
Association of the Lithographic Industry, April 15, 1949. 
3. Banks, W. H., anp Mitt, C. C., Proc. Roy. Soc. (London) A223, 414 (1954). 
4. Zerrpemoyer, A. C., Am. Ink Maker 31 (No. 231), (1953). 
5. Brneuam, E. C., J. Chem. Educ. 6, 1206 (1929). 
6. Herpesrogk, E., aNp Pierscu, E., Yorsch. Gebiete Ingenieurw. 12, 74 (1941). 
7. Morean, K., Private communication. 
8. Buoxuuts, G., Intern. Bull. Printing and Allied Trades 1956(No. 73), 64. 
9. ANonyMmous, Allgem. Papier-Rundschau 1952(No. 4), 154. 
10. Bucupauu, R., Curapo, J. G., AND Brappicks, R., Rev. Sct. Instr. 18, 168 (1947). 
11. ZerrtemoyeER, A. C., anD Lown, G., J. Colloid Sci. 10, 29 (1955). 
12. Von Wermarn, P. P., “Die Allgemeinheit des kolloiden Zustandes.’’ Th. Stein- 
kopif, Dresden, 1925. 
13. BrxerMan, J. J., J. Colloid Sci. 2, 163 (1947). 
14. Banks, W. H., anv Mr, C. C., J. Colloid Sci. 8, 137 (1953). 
15. Interchemical Corporation Laboratories, Am. Ink Maker 33(No. 1), 51 (1951). 


JOURNAL OF COLLOID SCIENCE 14, 300-307 (1959) 


THE BINDING OF DYES BY SOLUBLE WOOL 
KERATIN DERIVATIVES 


B. S. Harrap 


Biochemistry Unit, Wool Textile Research Laboratories, C.S.I.R.0., 
Parkville N.2, (Melbourne), Victoria, Australia 


Received August 14, 1958; revised October 6, 1958 


ABSTRACT 


The binding of three acid dyes of slightly differing composition to a soluble wool 
keratin derivative has been measured by the dialysis-equilibrium method. The data 
satisfy the Klotz-Scatchard equation for the binding of small ions to proteins but the 
maximum amount of dye bound is much less than that equivalent to the number of 
basic side chains on the protein, given by amino acid analysis. It seems likely that the 
guanidino groups of the arginine residues are not able to bind dye anions, and it is 
suggested that this occurs because they are more firmly bound to other groups on the 
protein. Intermolecular bonding of this type would account for the high degree of ag- 
gregation shown by the soluble wool protein. The influence of pH and ionic strength 
on the binding of the three dyes is discussed in relation to their chemical structure. 


INTRODUCTION 


A large body of data already exists on the interaction between acid 
dyes and the wool fiber (for recent summaries see 1, 2). However, inter- 
pretation of much of this data on a chemical basis is complicated by diffu- 
sion of the dye molecule through the complex structure of the wool fiber 
and by the uncertainty of the chemical nature of each of the various his- 
tological components taken individually. Similar difficulties are encountered 
with most chemical studies on the wool fiber, and attempts to overcome 
them have been made in these laboratories by preparing soluble derivatives 
of the wool (3-7) which can then be, at least partially, fractionated into 
several components. It is intended to compare the properties of the dif- 
ferent soluble fractions in order to learn which play the major roles in 
dyeing and other chemical treatments of wool. Some results have recently 
been reported (8) on the interaction of the acid dye Orange II with one 
of these soluble fractions spread as a monolayer at the air-water interface. 
The present paper deals with the binding of some simple acid dyes to the 
same fraction in solution. 


MATERIALS AND Mrruops 


The soluble keratin fraction used was S-carboxymethyl kerateine 2 
(SCMK2) prepared as described by Gillespie (3) by fractionally extracting 
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Merino 64’s wool with alkaline thioglycolate and coupling the resultant 
—SH protein with sodium iodoacetate. Stock solutions (~1%) of protein 
were prepared by exhaustively dialyzing against several changes of dis- 
tilled water at 2°C. The solutions were stored in the frozen state. A few 
experiments were also done with a derivative (SMeCMK2) which is simi- 
lar in all respects to SCMK2 except that the coupling agent was the methyl 
ester of iodoacetic acid instead of the acid itself. 

The three dyes used were Orange II (C.I. 15510), Orange 2G (CI. 
16230), and Crystal Ponceau 6R (C.I. 16250). 


Orange II Orange 2G 
OH OH 
< >—N=N—< >—S0:H < >> 
Ya Gi 
SO;H— 


Crystal Ponceau 6R 


gi 
CT S-1e-TD 
HO; ae 


S0;H 


Commercial samples were deionized and converted to the free acids by 
passing through ion exchange columns as described by Kressman (9). The 
concentrations of stock dye solutions were determined by drying aliquots 
in an air oven at 110°C. to constant weight. 

All solutions were buffered with 0.05 I acetate-HCl, KCl being added to 
give the required ionic strength. Buffer materials were of A.R. quantity 
and distilled water was used throughout. The Visking sausage casing 
dialysis tubing (24/32) was thoroughly boiled out using several changes of 
distilled water. The extent of binding of the dye to the protein derivative 
was determined by equilibrium dialysis, essentially as described by Klotz, 
Walker, and Pivan (10). Ten-milliliter aliquots of protein solution (~0.1 %) 
were placed in bags of dialysis tubing and equilibrated against 20 ml. 
aliquots of dye solutions of different concentrations contained in glass- 
stoppered test tubes. The tubes were placed in a mechanical slow-rocking 
device and equilibrated for 18 hours at 2°C. The concentrations of un- 
bound dye were determined using a Beckman DU spectrophotometer at 
the following wavelengths: for Orange II, 485 mu; Orange 2G, 474 mu; 
Crystal Ponceau 6R, 513 my. The wavelength maxima and the adherence 
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Fic. 1. Plots of r vs. log (A) and r/A vs. r for the binding of Orange II to SCMK2 
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Fig. 2. Plots of r vs. log (A) and r/A vs. r for the binding of Orange 2G to SCMKQ2. 
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to Beer’s law of the dyes were checked over the range of pH and ionic 
strength of the buffer solutions used. 


RESULTS 


The binding to SCMK2 of the three acid dyes of slightly different struc- 
ture was measured at 2°C. as a function of pH and ionic strength, and the 
results are shown in Figs. 1-3, which give the isotherms of r vs. log (A), 


r (mole /10%g protein) 


fo) 
“6.0 58) -56 -54 =5:2 -50 -48 -46 -44 -42 -40 =5:8 F=5:6 
log (A) (mole/1!) 


Fig. 3. Plots of r vs. log (A) and r/A vs. r for the binding of Crystal Ponceau 6R 
to SCMK2. 


TABLE I 


Binding Constants for Dye-Protein Interactions as a Function of pH and 
Tonic Strength (I) 


Orange II Orange 2G Crystal Ponceau 6R 
pH I 
n kX 108 Nn kX 108 n kX 108 
SCMK2 
2.2 0.1 3.0 L720 3.3 15.4 3.6 10.3 
7474 0.37 : 380 8.2 320 16.3 
Bal (eal 3.2 4.5 3.6 32.2 
4.1 0.1 3.0 0.5 3.6 5.6 
4.1 0.37 3.3 0.8 609) 2.9 
Hagel 0.1 Sel! Si 3.6 0.8 
SMeCMK2 
3.2 0.1 308 eS 
4.1 Ont 3.3 0.5 
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where r = moles bound dye/10,000 g. protein and (A) = the equilibrium 
free dye concentration. Following Klotz (11) the data may also be plotted 
in the form r/(A) vs. r. Straight-line relationships were obtained (insets 
Figs. 1-3), indicating that the results satisfied the equation r/(A) = kn—kr, 
at least over the experimental range of r and A. This equation has been 
derived (11) for the binding of anion A to n independent binding sites on 
the protein, each with the same intrinsic association constant k. Assuming 
that the equation is satisfied at much smaller values of r, the values of n 
and k obtained by extrapolating the data in Figs. 1-3 are shown in Table I. 

Since the coupling of the —SH keratin fraction with iodoacetic acid in- 
troduces a large additional number of ionizable carboxyl groups on to the 
protein, a few binding studies were made with a fraction which had been 
coupled with the methyl ester of iodoacetic acid. The derived values of n 
and k from these results are shown in Table I. 


Discussion 


When dealing with solid wool fibers the number of equivalents! of dye 
bound is usually equal to the number of basic groups on the wool as deter- 
mined from its titration curve (2). It is therefore somewhat surprising at 
first sight to note from Table I that the number of moles of dye bound per 
10,000 g. protein is approximately the same for the three dyes studied, 
despite the fact that Orange II has only one —SO;- group, whereas each 
of the other dyes has two such groups. 

There seem to be two possible interpretations of this: either (1) the di- 
basic dye anions combine with twice the number of basic groups on the pro- 
tein as do the monobasic dyes or (2) only one of the —SO;- groups on the 
dibasic anions takes part in binding to the protein. 

Furthermore, whichever of these alternatives is correct, the total num- 
ber of equivalents of dye bound is considerably less than the total number 
of basic groups on the protein fraction as given by the amino acid analyses 
of Simmonds (12). If his results are converted to the number of residues 
per 10,000 g. protein, the figures are arginine 5.6, lysine 2.8, and histidine 
0.5. Thus if we take the second of the above alternatives it is clear from 
Table I that the binding of each of the three dyes can be accounted for in 
terms of the lysine + histidine content of the protein, the arginine appar- 
ently not being involved in binding at all. There was the possibility that 
the large number of carboxyl groups in SCMK2 resulting from coupling 
the —SH groups with iodoacetic acid may have prevented the binding of 
dye anion up to the maximum expected from amino acid analysis. However, 


‘It is assumed that both sulfonic acid groups on the dibasic dyes are ionized over 
the pH range investigated since neither of them titrate at pH values greater than 2 
(Harrap, unpublished data). 
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Table I shows that if methyl iodoacetate is used for coupling rather than 
the acid itself the maximum number of binding sites for the dye anions 
remains unchanged, the association constant k becoming somewhat smaller. 
This indicates that the presence of additional carboxyl groups as such is 
not reducing the binding capacity. We might therefore consider reasons 
why the arginine side chains apparently do not bind dye anions. 

The most obvious explanation is that the guanidino side chains of the 
arginine residues are firmly bound to some other groups on the protein. In 
this connection it is instructive to consider the earlier results of Harrap 
and Woods (13) and O’Donnell and Woods (7) on the physicochemical 
properties of SCMK2. At acid and slightly alkaline pH values this protein 
was found to be highly aggregated, the aggregation decreasing somewhat 
above pH 10 where the lysine groups are discharged. Above pH 12.5, 
where the arginine residues become unionized, there were marked changes 
in the sedimentation and viscosity properties of the protein which indi- 
cated a considerable degree of disaggregation in this pH range. These re- 
sults are consistent with the idea that at pH values where the side chains 
of the arginine residues are ionized they may take part in strong inter- 
molecular bonding leading to the observed aggregation. This bonding could 
be such that the binding of the dye anions to these side chains is prevented. 

Klotz and Ayers (14) have suggested that hydrogen bonding may occur 
between the charged side chains of the arginine residues and the hydroxy] 
groups of serine and threonine residues. On this basis they have attributed 
the high affinity of bovine serum albumin for acid dyestuffs at neutral pH 
to the relatively low content of hydroxy amino acids in this protein. The 
possibilities for this type of hydrogen bonding are thereby limited and the 
basic residues are more freely available to combine with dye anion. In 
SCMK2 not only is the ratio (ser + thre)/arg high (12) but the large 
number of carboxymethyl groups introduced into the protein may also 
provide hydrogen bonding sites in the pH range in which they are unionized. 

A possible reason why inhibition of binding should occur with the pro- 
tein in solution while the native wool fiber binds dye anion equivalent to 
the total number of basic groups present is that in the wool fiber the poly- 
peptide chains are probably held in a fairly rigid structure by the disulfide 
cross links of the cystine residues so that movement of the side chains of 
the arginine residues necessary for interaction is very limited. On the other 
hand, this freedom of movement is gained in solutions of SCMK2 where 
the rigid structure is broken down on reduction of the disulfide cross links. 

It is clear from Table I that there is no significant variation in the maxi- 
mum number of binding sites as the pH and ionic strength are changed but 
the association constants k vary considerably with change of environment. 
In general, as the pH increases the binding constant decreases. This is to 
be expected since the extent of dye-binding to a large extent follows the 
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titration curve of the protein, so that as the pH increases release of dye 
anions from the protein occurs together with the release of protons. 

An increase in ionic strength normally leads to a lowering of the asso- 
ciation constant k, indicating weaker binding of the dye anion. This is the 
reverse of previous results obtained (8) for the interaction of dye with 
monolayers of SCMK2 at the air-water interface, where with increase of 
ionic strength there was increased interaction. In solution the decrease in 
k with increase in ionic strength is probably due to competition of buffer 
anions and chloride ions for the positive binding sites on the protein. In 
the surface phase this would not be so since the surface activity of the small 
buffer ions is very low. On the other hand, their presence increases the sur- 
face activity of the dye anion, thus enhancing the possibility of its nterac- 
tion with the monolayer. 

There are exceptions to these generalizations in the case of Crystal Pon- 
ceau 6R in that k is less at pH 2.2 than at pH 3.1 and at the lower pH it 
also increases with increasing ionic strength. No explanation for this re- 
sult can be offered. One might speculate whether one or both of the —SO;- 
groups on the dye molecule is becoming unionized at the lower ionic strength 
at pH 2.2; this could account for the results but no data exist for the varia- 
tion of ionization with pH and ionic strength for this dye. 

Comparison of the three different dyes, Table I, shows that the values 
for k are about equal for Orange II and Orange 2G at pH 2.2; however, 
the value for Orange II is greater than for Orange 2G at higher pH values. 
This is probably due to the extra —SO;- group on Orange 2G which leads 
to increased repulsion between dye anion and the carboxyl groups on the 
protein which are becoming ionized at higher pH values. On the other hand, 
the association constants for Crystal Ponceau 6R are generally higher than 
for Orange 2G. Here the nonpolar attractive forces due to the additional 
benzene ring in Crystal Ponceau 6R would tend to compensate for the in- 
creased repulsion due to the second —SO;7 group. 
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INTRODUCTION 


The association of gross scattering of light with certain kinds of system 
has had significance in the emergence of colloid science, and may indeed 
be considered to constitute one of the earliest definitions of a colloid. Ob- 
servations and measurements of light scattering in one form or another, 
although numerous, have not always kept pace with the development of 
the science, having until recently usually been semiempirical, despite the 
existence since 1908 of Mie’s (1) rigorous theory. This was due to the labor 
needed to find numerical solutions for Mie’s equations, to the scarcity of 
colloids which satisfied the restrictions adopted by Mie as to particle shape, 
homogeneity, and uniformity of size, and finally to the lack of satisfactory 
methods of characterizing these systems independently. These difficulties 
have been much reduced in the last few years: the first, by the development 
of high-speed computers, and the other two, by a number of advances in 
overlapping areas of polymer science, colloid science, and biochemistry. 
Although the Mie theory had already received some experimental verifica- 
tion, these new circumstances made possible studies much broader in scope, 
notably those of LaMer and colleagues (2-10), which confirmed in broad 
outline the scattering behavior of aerosols and hydrosols predicted by the 
theory. These and other studies, reviewed in several places (11, 12), with 
their illuminating discussions of experimental approaches, have led to 
renewed activity in the quantitative study of light scattering by colloids. 

The present work was done in the preliminary stages of an attempt to 
use scattering measurements for characterizing certain biological hydrosols 
in the micron particle size range with respect to size, concentration, and 
index of refraction. It was recognized that pitfalls exist both in instrumen- 
tation and in valid use of the theory, and a study of the uniformly spherical 
monodisperse polystyrene particles which were available seemed to offer 
elementary safeguards. The limited objective with these latexes was the 
measurement of particle size and concentration by means of spectral ex- 
tinction (turbidity) curves over the visible and long ultraviolet wavelength 
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range, using principles which are far from new but which have seldom been 
applied with strict regard to the effect of dispersion of refractive index upon 
the theoretical extinction values. A second feature worth mentioning is the 
use of a conventional spectrophotometer, appropriately modified. The per- 
formance of this instrument meets most of the specifications laid down by 
Heller and Tabibian (13) in their study of errors in turbidity measurements, 
and the accuracy is comparable to that attained by Tabibian, Heller, and 
Epel (14) in measurements on suspensions of spheres at a single wavelength 
with a specially designed apparatus. Those measurements, in their opinion, 
constitute ‘‘a conclusive proof of the Mie theory.” A subsidiary outcome 
of the present work is a further confirmation of the theory over a wider 
range of experimental conditions but to a rather less satisfactory degree of 
precision. 


MertTuops oF CALCULATION 


The procedure falls naturally into two parts, both very simple in princi- 
ple. In the first, transmission data on aqueous suspensions of known con- 
centration, c, of polystyrene spheres, of known radius r and refractive 
index n, , are converted to values of the total Mie scattering coefficient K 
and compared with the appropriate theoretical values. Satisfactory agree- 
ment being obtained, the same experimental and theoretical data are then 
manipulated in such a way as to yield, first, values of apparent particle 
size, presuming the concentration to be known, and, second, particle size 
and concentration, presuming neither to be known. 


1. Calculation of K or Particle Size from Transmission Data When 
Concentration Is Known 


The familiar definitions of the total Mie scattering coefficient K and of 
the extinction H—see, for example, reference 12—lead to the equation 


K = 2.303 E/xrNl, [1] 


where / is length of scattering cell and N is the number of spheres per 
milliliter. If the mass concentration c is known, then 


K = 3.0707 Erd/cl, [2] 


where d is particle density. 
If it is desired to find particle radius from measured extinction and con- 
centration, it is convenient to calculate the ratio K/a given by 


K 0O4887d E 
= Peal [3] 
a (n/N) el 


a being the value of the size parameter 2rnr/Xo for incident light of wave- 
length Ao in air, and to determine r by interpolation on a theoretical curve 
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K/a against r. A similar procedure has been used by LaMer, Inn, and 
Wilson (10) in the special case where r is to be determined by locating the 
first principal maximum. It is also equivalent to that used by Tabibian, 
Heller, and Epel (14), who compare experimental and theoretical values of 
(r/c)o where 7, the turbidity, is 2.303 H. 


2. Theoretical Values of K 


Computed values of K are presented in several sets of tables in terms 
of the size parameter a. These data are given for various values of the 
relative refractive index m, or n,/n, spaced at intervals of 0.05. For poly- 
styrene in water, m is about 1.21 at 3700 A. and 1.18 at 10,000 A. Further, 
the particle radii of the polystyrene latexes used in this study fall within 
the range 0.05-0.6 u, giving values of a ranging from about 0.8 to 15.0. The 
tables covering these values are those of Pangonis, Heller, and Jacobson 
(15) which include K(a) for m = 1.5, 1.20, and 1.25 and a = 0.2, 0.4, 
6.68700 3.01 9.00 AIO. 

In order to obtain correct values of K from these tables for all the wave- 
lengths at which measurements were made, namely, 3500, 3600 - - - 6000, 
6250, 6500 --- 8000, 8500, 9000 --- 10000 A. interpolations are necessary. 
These must be done rather accurately in order to match the accuracy of 
the transmission values (reproducible generally to 0.1 in per cent trans- 
mission over the range 12-80) and to make possible, in principle, a 1% 
accuracy in r. These considerations suggest that log K should be interpo- 
lated with an accuracy of 0.004 or better. 

Direct interpolation from plots of [K(m)]_. against m can be at once re- 
jected, since the intervals Am are large, the corresponding changes A log K 
are also large, and the plots are in general strongly curved. We have found 
accurate interpolation to be possible by taking advantage of two facts 
noted by Van de Hulst (11, 12, 16): first, that the positions of the extrema 
of the damped oscillating functions representing K(a) for various values 
of m coincide almost exactly if a normalized size parameter p is used: 


p = 2a(m — 1), [4] 
and further, that K(p) when m — 1.0 is given by: 
Ky = 2 — 4 (sin p)/p + 4 (1 — cos p)/p?. [5] 


A plot of log K against log p (Fig. 1) suggests that whereas the curves 
for the various values of m do not coincide, interpolations at constant p 
would be superior to interpolations at constant a since over the range of 
present interest it is usually true that 


(A log K/Am), « (A log K/Am). . [6] 
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Fig. 1. Left: Variation of total Mie scattering coefficient K with normalized size 
parameter p. Right: Variation of normalized total Mie scattering coefficient K* with 
modified normalized size parameter pt. In both diagrams, continuous curve: m = 
1.0; open circles, m = 1.10; closed circles, m = 1.30. 


Thus the desired values of log K can be represented by comparatively small 
corrections to log K,, which is known precisely from Eq. [5]. 

The corrections can be made much smaller and less dependent upon m 
by using the normalized size parameter in an empirically modified form: 


pt = 2 (a — 0.425)(m — 1) = p — 0.85 (m — 1) [7] 


and by plotting normalized values of K defined by 
K* = K/K,, [8] 


where K, is the value of K at the first principal maximum. The resulting 
improvement is illustrated in Fig. 1. The correction factor 6* is now defined: 


6* = K*/Ki* [9] 


and is calculated for all the values of K(a) at m = 1.15, 1.20, and 1.25 
given in the tables (15), using Eq. [5], [7], [8], and [9]. These corrections 
are plotted in Fig. 2. 

The procedure for calculating K(Ao) for polystyrene spheres of radius r 
in water is now straightforward. Values of pt for the various wavelengths 
Ao are calculated (Eq. [7]), log 6* is read from Fig. 2, K,* is calculated or 
determined graphically from a large-scale plot, Ay is interpolated from 
plots of the tabulated [K(a)]m values, and then K can be calculated from 


the same equations as before. ; 
The calculations of K required in the present work refer to seven particle 
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Fic. 2. Variation of correction factor 6* (Eqs. [8]; [9]) with modified parameter 
pt. Continuous line, m = 1.25; dash-dot line, m = 1.20; dashed line, m = 1.15. 


radii from 800 to 7000 A., including the four values found by Bradford and 
Vanderhoff (17) for the four latexes used in this work, and to the wave- 
lengths, already enumerated, at which experimental values were obtained. 
The values of n(Ao) and m(Xo) needed for the calculation of a and pt were 
obtained from the equation 


n= at b/re?. [10] 


For water (18), a = 1.324), b = 3.046 X 107" if Xo is in centimeters. For 
polystyrene, the first detailed calculations were made using a = 1.56138, 
b = 9.96 X 10-, derived from Starkie’s (19) values: ns03 = 1.5900 and 
(nss03 — 1)/(raser — Noses) = 31.0. Recent measurements by Heller and 
Pugh (20) give for polystyrene latex particles at 5461 A. n, = 1.602, and 
the dispersion formula was therefore revised by changing n, at 5893 A. to 
1.5974, retaining Starkie’s value 31.0 for the dispersion ratio. The revised 
Cauchy constants are a = 1.5683, b = 10.087 XK 10-". The density of 
polystyrene, d in Eqs. [2] and [8], has been taken as 1.057 (21). 

The theoretical values of K for polystyrene in water are given in Table I, 
and examples of the dependence of K/a upon particle size are shown in 


Fig. 3. 
3. Methods of Calculating Particle Size and Concentration 


a. By Location of the First Principal Maximum. This has been used previ- 
ously in several forms (2, 3, 7, 11, 22, 23). When m is 1.15-1.25, the first 
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TABLE I 
Total Mie Scattering Coefficients for Polystyrene Spheres in Water 


WCAG) eee SOON 1320 1940 2555 3300 4070 5000 5855 7000 
do K 
3/00) | 0.232 || 0.802.) 1.703 | 2.595 | 3.488 | 3.743 1-38:3852 | 2.687 | 1.863 
4300 | 0.144 | 0.526 | 1.185 | 1.945 | 2.792 | 3.450 | 3.723 | 3.458 | 2.710 
5000 | 0.0891 | 0.383 | 0.809 | 1.387 | 2.147 | 2.864 | 3.466 | 3.698 | 3.474 
5600 | 0.0614 | 0.282 | 0.611 | 1.084 | 1.730 | 2.400 | 3.084 | 3.500 | 3.691 
Go00R FOLOSbm OR los  eOF416 | On767) lec. | 1.8438 | 28blbe | 32081) 1831520 


7500 | 0.0211 | 0.102 | 0.276 | 0.543 | 0.935 | 1.400 | 1.986 | 2.506 | 3.090 
8500 = 0.0705 | 0.193 | 0.397 | 0.701 | 1.086 | 1.581 | 2.055 | 2.642 
1.275 | 1.689 | 2.247 


9500 = 0.0490 | 0.144 | 0.293 | 0.548 | 0.852 


Dispersion equations assumed: for water, n = 1.324) + 3.046 X 107"/)A,?; for 
polystyrene, nm» = 1.5683 + 10.087 X 107!/),?. 


0.5 


Q| > 


0.4 


0.3 


OZ 


0.1 


2000 4000 6000 


Fia. 3. Variation of theoretical K/a with radius of polystyrene spheres suspended 
in water. Parameter on chart: wavelength in air. Continuous curves calculated for 
polystyrene having dispersion constants a = 1.5683, b = 10.087 X 107!!; broken 
curves, a = 1.5613, b = 9.96 X 10°" (Eq. [10}). 


maximum occurs when p(= p,) is 4.05, so that if m is known, r can be 
calculated. The corresponding values K, are also known, so that ¢ can 
then be obtained from Eq. [2]. Since the method is not generally applicable 
it is not stressed in this paper, nor has the displacement of the maximum 
by use of functions K/a* (10) been investigated. 

b. By Calculating Logarithmic Slopes. Values of K (a) and E(Xo) can be 
represented as functions of a* or \~’, where a and b are in general func- 
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Fic. 4. Slope s’, with m equal to 1.20, as a function of size parameter a. Calcu- 
lated from tabulated data for K(a, m), reference (15). Rectangles enclose portions of 
curve applicable to transmission measurements between 3500 and 10000 A. on sus- 
pensions of spheres of radii indicated. 


tions of \, the wavelength of the incident light in the continuous phase of 
the suspension. This type of expression has been much used, by LaMer (6) 
and Van de Hulst (12) inter alia. From Eq. [2], for particles of a given 
radius 


d(log K)/d(log a) = d(log E)/d(log n/Xo) = s. [11] 


Also s = a = —b; thus if s is sufficiently dependent upon particle size, 
matching of experimental and theoretical slopes at one median wavelength 
should permit estimation of particle size. 

In the polystyrene-water system with a = 0.8-15.0, some idea of s(r) 
can be gained by calculating the slopes from point to point, using the pub- 
lished values of K(a) at a chosen value of m: these slopes, designated s’, 
are shown in Fig. 4 for m equal to 1.20. Two features are of special interest: 
the considerable dependence of s’ upon particle size and wavelength, and 
the existence of a fine structure resulting from slight ripples, when m > 1.0, 
superimposed on the smooth limiting curve K,(p). 

The curve of Fig. 4 is not immediately applicable to spectrophotometric 
data since the values s’ approach the partial differential (8 log K/d log @)m. 
The variation with wavelength, s, is given conveniently by 


tlhe 0 log K d log (m — 1) 
aa +|; log (m — 5 |, dloga 


[12] 
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TABLE II 
Data Illustrating Importance of Second Term in Eq. [12] 
a 3 10 
Xo 3700 9500 3700 A. 
r 1311 3420 4370 AN, 
s’ 2.15 215 0.10 
s 2.8 2.4 —0.2 


The second term, representing the effect of dispersion of refractive index 
of both phases, is dominated by the factor in K, which changes from posi- 
tive to negative with increasing a in the vicinity of the first principal 
maximum. Since the second factor d log (m — 1)/d log a is always positive 
and varies comparatively slowly with wavelength, the net effect of the 
correction term is to make the curve s(a) generally steeper than s’(a) 
when a is varied by increasing r at constant wavelength, and less steep 
when a is varied by decreasing \» at constant r. The differences are quite 
large; examples given in Table IJ make it clear that any interpretations of 
transmission data which neglect dispersion will be erroneous. 

The task of obtaining theoretical curves s(r) for polystyrene spheres in 
water at various wavelengths is complicated by the fine structure, which 
is imperfectly resolved in the available theoretical values (15) and which 
tends to become further smeared in the course of calculating K(Ao) as 
already described. Since the experimental data are likewise imperfectly 
resolved, some compromise seemed justifiable in constructing the theo- 
retical curves. It was decided to limit the calculations to eight selected 
wavelengths, 3700, 4300, 5000, 5600, 6500, 7500, 8500, and 9500 A. and in 
each case to define the average slope § at each of these points by the slope 
of the best straight line (method of least squares) through the point in 
question and one or two of its neighbors on either side—1.e., through 3 or 
5 adjacent points with coordinates (log K);, (log n/No):. The decision 
whether to take 3 or 5 points was made in each case after examining the 
data for uniformity of curvature or evidence of local distortion arising from 
fine structure. 

Such calculations were made for the nine particle radii referred to in 
Table I and the eight selected wavelengths, and for each wavelength pre- 
liminary smooth curves § (log 7) were drawn. Because of the wide spacing, 
the fine structure was very little in evidence, and this had to be filled in 
by trial and error using the following criteria: (a) the ten subsidiary extrema 
resolved in s’(w) (Fig. 3) were presumed present in all cases; (0) their rela- 
tive positions along the abscissa were assumed to remain almost unchanged 
with change in wavelength; (c) the values of s at the extrema were assumed 
to vary monotonically with \o . In this way the fine structure was inserted 
with insignificant distortion except at 7500 A., where some inconsistencies 
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Fra. 5. Illustrating curves used for determination of particle radius from measured 
s. Abscissa: log r. Ordinate: s (Eq. [11]). Parameter, wavelength in air. Open circles, 
calculated theoretical values. Closed circles, positions of secondary extrema ob- 
tained by analogy, as described in text. 


appeared. Consequently some confidence is felt in the accuracy of the § 
(log 7) curves, two examples of which are given in Fig. 5, and which served 
for the graphical determination of particle radius from experimental values 
of §. In one instance (7 = 1320 A.) the values of s were checked by com- 
bining in differential form Eqs. [4]-{9] and evaluating the individual terms 
graphically or arithmetically. 

When particle radius had been obtained from experimental values of s 
as just described, calculation of concentration by Eq. [3] could be made, 
the value of K being obtained by interpolation on large-scale plots of 
log K(log r). Using d = 1.057, 1 = 5.0, Eq. [8] becomes 


c = 0.649 Er/K. [13] 


APPARATUS AND MertrHops 
1. Spectrophotometer 


Preliminary measurements with a Beckman model DU spectrophotome- 
ter showed that for particles in the 0.2-1.0 » size range the mere introduc- 
tion of small beam stops to limit the solid angle of the scattered light 
received by the photometer—as done successfully by Doty and Steiner 
(24) and Billmeyer (25) in the study of smaller particles—was not sufficient 
to reduce errors to an acceptable extent. The apparatus was further modi- 
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Fig. 6. Optical train of Beckman model DU spectrophotometer modified for trans- 
mission measurements. Light passes from left to right. Here a is monochromator 
slit; 6 are convex lenses; c are circular beam stops, diameter 3 mm.; d is 5 cm. cylin- 
drical absorption cell; ¢ are circular beam stops, diameter 2.5 mm.; f is a concave 
lens; and g is photoelectric cell or photomultiplier tube of the Beckman instrument. 


fied at negligible cost as shown in Fig. 6, the essential changes being: (1) 
Remove crystal quartz entrance and exit windows (26). (2) Insert two con- 
vex lenses 6 in front of the exit slit of the monochromator. (3) Insert three 
3-mm. circular beam stops c between the second lens and the entrance 
window of the scattering cell. (4) Remove phototube g to a distance of 
39 cm. from the exit window of the 5-cm. scattering cell. (5) Insert three 
2.5-mm. circular beam stops e and a biconcave lens f between scattering 
cell and phototube. (6) Blacken all interior surfaces of cell housing, all 
beam stops, and outer surfaces of cells containing suspension and solvent. 

The two lenses b and beam stops c produce a beam of uniform intensity, 
whereas in the unmodified instrument the image of the filament is resolved. 
The beam diverges within the scattering cell by half angles of about 1.9° 
in the vertical plane and 0.4° in the horizontal plane. The three apertures 
e serve to exclude stray light while the third of these determines the angle 
of the cone of scattered light; the half angle, (13), is 0.34°. The lens f 
forms a uniform circular image 2.5 cm. in diameter at the phototube which 
does not change in shape or uniformity when the monochromator slit 
width is altered. 

The adequacy of this arrangement was judged by the absence of signifi- 
cant concentration dependence of specific extinction and by general agree- 
ment between experimental and theoretical results. The absence of stray 
light and corona (13) was shown by photographic examination of the light 
beam at several points in the system. 


2. Spectrophotometric Measurements 


All measurements were done on three or four concentrations of latex. The 
concentrations were such as to provide at least one, and usually two, trans- 
mission values falling between 20 % and 75 % at each wavelength. Measure- 
ments on each filling of the 5-cm. scattering cell were done in triplicate, 
and were reproducible to better than 0.1 in per cent transmission; usually 
the three readings were identical. Readings at 6000, 6250, and 6350 were 


318 BATEMAN, WENECK, AND ESHLER 


made with both red-sensitive phototube and photomultiplier attachment, 
and were identical. Occasional discrepancies were sometimes traced to 
deposition of a film of polystyrene on the scattering cell windows; this was 
removed with dioxane. 


3. Polystyrene Concentration 


Weighed samples of stock latex, in triplicate, were dried to constant 
weight in vacuo at 65° C. The concentrations varied from 4 to 14 g./100 g., 
and the amounts dried were 0.5-1.4 g.—enough in each case to give about 
60 mg. residue. The first dilution was made by weighing out 0.1 ml. and 
diluting volumetrically to 100 ml. Subsequent twofold dilutions were made 
volumetrically. 


RESULTS 
1. Concentration Dependence 


In general, the specific extinctions (H/c) at the two lowest concentrations 
agreed to well within 0.5%, with occasional discrepancies—particularly 
with the smallest particles studied—as great as 2%. These were, however, 
apparently random in character, whereas systematic change became 
apparent at higher concentrations. An example is given in Table III. 


2. Experimental Values of K 


The experimental results on four monodisperse polystyrene latexes are 
presented in Fig. 7 in the form of the total Mie scattering coefficient K ob- 
tained from H(A) and c by Eq. [2], using the values of r determined in the 
electron microscope by Bradford and Vanderhoff (17). The theoretical 
values (Table I) are also plotted. The generally satisfactory agreement 
within the visible spectrum is apparent, except for latex LS-057-A, assumed 
radius 1320 A., where the experimental values are about 10% too small. 
In the long ultraviolet the measured extinctions tend to be a little too high. 


TABLE III 
Concentration Dependence of Relative Specific Extinction 
Polystyrene spheres, batch LS-067; r about 5855 A. 


(B'/c) rei, 
c(ug./ml.) 
Ao = 10000 7000 6000 5000 4000 3500 
11.800 0.969 0.984 0.980 = — = 
8.864 0.978 0.979 0.983 0.979 0.978 0.969 
4.432 0.999 0.995 1.002 1.001 0.999 0.991 
2.216 1.000 1.000 1.000 1.000 1.000 1.000 
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415 4.35 4.55 


—log X 


Fig. 7. Experimental and theoretical values of total Mie scattering coefficient 
compared for four polystyrene latexes. Theoretical values (open circles) calculated 
for particle radii obtained by electron microscopy (17): 1320, 2555, 4070, and 5855 A. 
for curves (A) to (D), respectively. Experimental values (solid circles) calculated 
from measured extinction and concentration by Eq. [2]. Abscissa: —log \. Ordinate: 
log K. Scales of ordinates A to D are identified by letters on curves. 


The latexes contain ultraviolet-absorbing soluble stabilizers but examina- 
tion of the supernatant solutions after centrifuging suggested that their 
contribution to the extinction would be negligible. The particles themselves 
dissolved in dioxane showed only very slight absorption almost independent 
of wavelength between 3500 and 4500 A. Systematic discrepancies also 
appear at the other end of the spectrum in the case of the two largest parti- 
cle sizes, the measured extinctions again being rather higher than those 
calculated. Since the best agreement is obtained close to the wavelength 
at which the particle refractive index is known with great accuracy, it is 
possible that the discrepancies at the extremes of the spectrum are due to 
use of incorrect values for the dispersion constants. 


3. Particle Sizes Determined from E/c 


Values of K/a were calculated from E/c by text Eq. [8] and particle 
radius was obtained by interpolation (Fig. 3). Table IV gives the results, 
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TABLE IV 


Latex Particle Size Determined from E/c 


Latex batch no. LS-057-A 15N-8 LS-066-A LS-067 
Concentration 
(Hid Nec taco od DET 4,224 3.301 2.216 
NT r (interpolated, Fig. 3) in Angstroms 
3700 (1220) (2690) (3830) (5670) 
4300 1215 2540 3730 5690 
5000 1190 2520 3940 5670 
5600 1200 2510 4100 5800 
6500 1240 2480 4070 5940 
7500 1250 2510 4210 5900 
8500 1240 2520 4180 6220 
9500 1260 2525 (4380) (6350 ) 
ra 1228 2515 4038 5870 
SD 24 17 163 185 
CV% 1.98 0.68 4.03 3.15 
r(em) 1320 2555 4070 5855 
7/7 (em) 0.930 0.984 0.992 1.003 


7 = average radius. 

SD = standard deviation. 

CV% = coefficient of variation, 100 SD/7. 

r(em) = radius measured by electron microscopy (17). 


including averages obtained by omitting the bracketed values on the 
ground of the systematic errors just referred to. The coefficients of variation 
range from 2% to 4%. The averages are compared to those of Bradford 
and Vanderhoff (17) measured in the electron microscope. The agreement 
is excellent in three cases out of four, whereas for the latex of smallest 
particle size the value obtained by electron microscopy is 7% higher than 
that given by transmission measurements. 


4. Particle Size and Concentration Determined by Locating First Mie 
Maximum 


Additional values of particle size and concentration can be obtained for 
two of the latexes examined because the data include the first maximum 
FE, which for m = 1.2 occurs when p = p, = 4.05. Thus r and ¢ can be 
calculated from Eqs. [4] and [2] since K(= K,) is known. Alternatively, r 
can be calculated from H, by Eq. [2] if c is known. The values so obtained 
are included in the summarizing Table VI. 
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TABLE V 


Values of Polystyrene Sphere Radii and Concentrations Obtained 
from Slope s of Transmission Data 


(1) Latex batch 


OY: tea eee ee ek LS-057-A 15N-8 LS-066-A LS-067 
r c r c ? C r c 
(2) Electron micros- 
CODA. spate i es 1320 2555 4070 5855 
(3) Standard devia- 
LO Keener ae 4 30 35 55 ? 
(4) Dry weight, 
ECT cera Oe oe 10.77 4,224 3.301 2.216 
Values from transmission data 
=e 
3700 (1380)2| (10.12)¢ —é —¢4027 3.517/5754 2.260 
4300 — —? —e — #13981 3.417|5623 2.174 
5000 1297 10.06 2483 4.456)4121 8.411/5794 2.257 
5600 1265 10.46 2523 4.474|4121 3.411/5728 2.232 
6500 (1365)2| (9.46)2| 2523 4.410|4207 3.351/5916 2.246 
7500 1259 11.03 —f —114325 3.345/5754 2.299 
8500 1334 9.92 2455 4.695) —9 — |5957 2.360 
9500 1318 10.20 2547 4.285) —9 — |6095* 2.356 
Average: 1295¢ | 10.33¢ | 2506 4.464/4130 8 .409)/5828 O28 
SD¢4 29 0.49 33 0.1383} 113 0.055} 141 0.059 
CV, % 2.2) 4.74 1.3) 2.98 2.74 1.60 2.43} 2.59 
Ratio to values in 98.1) 95.9 98 .1,105.7 101.5 |103.3 99.5 |102.6 
lines 2 & 4, % 


vege Soe TD AE NAN gas a ME Ee i ee ee 

2 Reasonable values of 7 can be obtained at these points only by assuming that 
they fall at one of the secondary minima; the experimental values of s are, however, 
less than the corresponding theoretical minimum values, although probably not by 
an amount exceeding the overall experimental error. 

’ No satisfactory value of r. In two concordant experiments s was about 3.5. Such 
a high value is incompatible with the theoretical curves as constructed in Fig. 5. 

¢ Average omits values a. 

@ Standard deviation SD = (2 2;/N — 2%)}, coefficient of variation CV = 100 
SD/z. 

¢ Experimental curve departs systematically from theoretical at these points. 

f Slight ripple of unexplained origin in extinction curve gives highly discrepant 
values of s, corresponding to particle size 3400-3800 A. 

0 These values unreliable. Anomalous concentration dependence. 

h Tf the value 6095 is omitted, the average is 5789, 1.1% less than the electron 


microscope value. 
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TABLE VI 
Summary of Latex Radius and Concentration Values 
Batch.... LS-057-A 15N-8 LS-066-A LS-067 
Method r @ r c ip c r c 
EMe 1320 2555 4070 5855 
+30 +35 +55 +? 
Phase contrast? 2575 4050 (5800 
+16 +19 +24)¢ 
Dry wt. 10.77 4.224 3.301 2.216 
(ug./ml.) 
E/c (5600)4 1200 2510 4100 5800 
E/c (avg.)4 1227 2537 4009 5841 
+23 +60 +167 +185 
s (5600)¢ 1265 |10.46 |2523 |4.474 4121 {3.411 5728 25232 
s (avg.)¢ 1295 |10.33 |2506 |4.464 4130 =|3.409 5828 QED 
+29) +0.49) +33) +0.133) +113) -+0.005) +141 | -+0.059 
(Ao), (interp.) 3803 [3.275 5490 2.145 
(Xo)y, § = 0 3886 |3.348 5627 2.191 
EH, 3850 5703 


4 Data of Bradford and Vanderhoff (17). 

’ Data of Kubitschek (33). 

¢ Batch LS-067A. 

4 Table IV. 

¢ Table V. 

Figures following + signs indicate standard deviations, except in case of phase 
contrast data, where they are standard errors. 


5. Experimental Slopes and Derived Values of Particle Size and Concentration 


The extinction data used in obtaining the results reported in Fig. 7 were 
also used in obtaining slopes s (Eq. [11]) by the method of least squares, 
the procedure being the same as that described for the theoretical values 
of s. The results (Fig. 8) are compared with theoretical values for the 
particle sizes as determined by electron microscopy (17) and for particle 
refractive indices m(A) as calculated from the dispersion constants originally 
adopted prior to the work of Heller and Pugh (20) (see p. 312). Recalcula- 
tion of a few isolated points with the revised values of m(\) showed that 
although the revision produced important changes in the values of K (A) 
and [K/a](\) (cf. Fig. 3), the slopes s were altered to the extent of only 
0.02-0.07, an amount usually less than the uncertainty of the experimental 
values. The general agreement between experimental and theoretical values 
is very good, with occasional deviations such as the large one seen at 4300 A. 
for the latex of particle size 1320. This has been noted consistently in 
several experiments made with several modifications of the optical arrange- 
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Fic. 8. Experimental and theoretical slopes, s, compared for four polystyrene 
latexes. Abscissa: wavelength in air. Ordinate: s (Hq. [11]). Parameter: particle 
radius by electron microscopy (17). Solid circles connected by heavy curve: theo- 
retical. Open circles connected by thin straight lines: experimental. 


° 


ment. It will be noted that all the experimental values at this wavelength 
are higher than the theoretical, although to a diminishing extent as the 
particle size is increased. 

The values of s reported in Fig. 8 were used to obtain particle size by 
interpolation on theoretical curves of the type shown in Fig. 5, followed 
by calculation of concentration by Eq. [13]. The results are given in Table 
V. With omission of certain values for reasons indicated in footnotes, the 
average radii agree with Bradford and Vanderhoff’s values (17) to within 
2%, and the concentrations agree with the dry weights to within —4.1 % 
to +5.7 %. 


DIscUSSION 


The foregoing is intended to show that with a simple adaptation of a 
commercial spectrophotometer and with adequate interpolation procedures 
for use with Mie theory tabulations, good agreement can be obtained be- 
tween experimental and theoretical scattering parameters. With appropri- 
ate modifications in procedure the transmission method can thus be used 
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for the determination of particle size and concentration, and it is shown 
how this can be accomplished by the extension of principles which have 
often been discussed but which have not hitherto been applied with the 
benefit of detailed theoretical data and strictly uniform test objects. 


1. Instrumentation 


In their experimental examination of the validity of the Mie theory and 
of Lowan’s calculations (27) based upon it, LaMer and colleagues (2, 3, 7) 
used both the Beckman and the Coleman spectrophotometers with success. 
Formal specifications for transmission instruments have been discussed 
elsewhere (13, 28-32). It only need be mentioned, therefore, that the inex- 
pensive modification of the Beckman instrument described here seems ade- 
quate for suspensions with m in the vicinity of 1.2 and particle diameters 
up to about 1 uw. This conclusion refers to the uncorrected data; no calcula- 
tion of correction factors—such as those derived by Sliepcevich et al. for 
the lens-pinhole optical transmission system (30-32)—has been attempted. 
Of the applicable sources of error discussed by Boll and Sliepcevich (32), 
it would seem that (a) the effect of divergence of the beam within the 
transmission cell has been minimized by use of a narrow pencil of light and 
several circular stops in the transmitted pencil; (6) the half angle of the 
cone of scattered light reaching the receiving lens, about 0.3°, is such as to 
lead to a maximum error of only about 0.02% in the extinction for a 1 yu 
particle at 3000 A.; (c) the effect of misalignment of the system may be sig- 
nificant for the larger particles and may be partly responsible for the fact 
that the values of K, calculated from extinction data for the 1.17 and 
0.814 u latexes were 2.7 % and 6.0% higher, respectively, than the theoreti- 
cal values. More reliable dispersion data are required, however, before these 
discrepancies can be finally judged to be instrumental in origin. 


2. Experimental Values of Polystyrene Particle Size and Concentration 


For all four latexes examined it has been possible to derive values of 
particle radius from extinction measurements by calculating H/c, the ratio 
of extinction to particle concentration (Table IV). By making measure- 
ments from which the slope of log £ with respect to log \ can be determined, 
both particle size and concentration can be found (Table V). When the 
values obtained by these two methods are assembled (Tables VI, VII) it 
becomes apparent that for three of the four latexes studied both methods 
give the same results whether applied at a single wavelength (5600 A.) or 
averaged over several wavelengths. Furthermore, these internally con- 
cordant values are also in agreement with those obtained by electron 
microscopy (17) to within 2%. In the exceptional case of the latex of 
smallest particle radius, 1320 A., the value obtained by the slope method 
agrees quite well with r(em) while the absolute extinctions are too small 
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TABLE VII 


Latex Particle Radii: Ratios of Results of Transmission and 


Electron Microscope Methods 
sto a Ca Ot COD Se ee Se 


Latex.... LS-057-A 15N-8 LS-066-A LS-067 
r(em).... 1320 2555 4070 5855 
Method 7/r (em) 

E/c at 5600 A. 0.909 0.982 1.007 0.991 
E/c average 0.930 0.984 0.992 1.003 
s at 5600 A. 0.958 0.987 1.018 0.978 
8 average 0.981 0.981 1.015 0.995 
(Xo)y interp. 0.934 0.938 
Ad), s = 0 0.955 0.961 
Ey 0.946 0.974 


by some 8 %—a discordance exceeding the limits of uncertainty of the con- 
centration obtained from dry weights. Values of r obtained from the posi- 
tion or height of the first principal maximum (Tables VI, VII) are less 
satisfactory, partly because both occur at wavelengths where some uncer- 
tainty of refractive index exists, partly because errors of alignment are 
possible, and perhaps partly because fine structure in the maximum renders 
it difficult to determine consistent theoretical values of K, and p, without 
resorting to dubious smoothing procedures (16). 

The particle radii obtained by Tabibian, Heller, and Epel (14) at 5461 A. 
differ from r(em) by —7.2%-+7.0%. These authors include a value of 7, 
3825 A., for latex lot 066A, 6% smaller than Bradford and Vanderhoff’s 
value 4070 A and 6%-8% smaller than ours (Tables VI, VII). In general 
it seems that the overall agreement between light transmission (this paper 
and reference 14) and electron microscopy is fairly satisfactory. Some justi- 
fication for regarding the electron microscope values as definitive is pro- 
vided by the agreement, to better than 1%, between these and the results 
of direct measurement of particle arrays by phase contrast microscopy; 
Kubitschek’s values obtained in this way (33) are included in Table VI. 
The transmission values are probably about as reliable as those obtained 
by other indirect methods. 

In the case of the well-known latex 580-9 lot 3584, which has received 
detailed study by several methods, unresolved discrepancies still exist, with 
the following percentage differences from the accepted electron microscope 
diameter of 2590 A. (34): sedimentation, —2.7% (35), light scattering, 
5.0% (36), low-angle X-ray scattering 3.7% (37). 

Concentrations determined simultaneously with 7 from the slope s and 
the corresponding values of K appear to be reliable to within 3%-6% 


(Table V). 
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3. Verification of Mie Theory 


The general agreement between particle size obtained by direct measure- 
ment and from transmission data is not such as to permit us to subscribe 
without reservation to the contention already quoted (14) that the Mie 
theory is thereby conclusively proved, if by “proof”? we mean the ability 
to predict any phenomena within the range of observation provided by 
available experimental methods. Proof in this sense, as far as the transmis- 
sion method is concerned, would require quantitative agreement well 
within the amplitude of the “‘fine structure’ ripples, as well as the demon- 
stration that their observed positions and amplitudes are in agreement with 
theory. The present measurements go further than those of Tabibian, 
Heller, and Epel, in that they do cover a wide wavelength range and do 
show fine structure; however, these are imperfectly resolved in both the 
experimental and the theoretical data, and in at least one instance (Fig. 8) 
there are discrepancies as to their positions. At present the validity of the 
Mie theory rests upon the cumulative weight of many types of experi- 
mental data rather than upon any single example of extremely fine quanti- 
tative agreement. 


4. Procedures for Characterizing Monodisperse Hydrosols 


The particle size can be determined by a single transmission measure- 
ment at a single wavelength provided particle concentration c and relative 
refractive index m are known. This case has been discussed by Tabibian, 
Heller and Epel (14), whose conclusions are fully confirmed in the present 
work. If particle size and concentration are both desired from transmission 
measurements, these can in principle be determined by measurements at 
two wavelengths at which values of m are known accurately (38). This 
method has not been explored. An alternative, now shown to be feasible, 
consists In measuring transmission at a number of wavelengths, closely 
spaced on either side of a chosen median wavelength, sufficient to permit 
the precise determination of s (equal to —d log E/d log \), from which r 
and ¢ can be found by the procedure already described. With perfect 
apparatus, a sufficiently accurate knowledge of m(\) and theoretical data 
sufficiently closely spaced to permit accurate interpolation, measurements 
in the vicinity of a single chosen wavelength are all that are needed. It is 
advisable in practice to obtain at least two values of s. One reason for this 
is presumably instrumental, manifested (Fig. 8) in occasional narrow re- 
gions of anomalous slope. These may, however, be partly due to imperfectly 
resolved subsidiary ripples in the theoretical K(A) curves. The fine structure 
shown in the calculated curves of Fig. 5 has been filled in partly by analogy 
and may be incomplete or locally erroneous. At cost of much labor the 
accuracy of these curves could probably be improved even when using the 
existing theoretical tabulations of K(a, m). However, data in which com- 
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plete confidence might be placed could be obtained only if more extensive 
basic tabulations at smaller intervals of m were available. Whether these 
would be justified in terms of their foreseeable practical usefulness is de- 
batable. A further reason for obtaining values of s at two or more wave- 
lengths consists in the ambiguity of some values arising from the fine struc- 
ture; for example, if s were 3.2 at 3700 A., the particle radius (Fig. 3) 
might be 785 or 1072 A. 

The transmission method is not, of course, necessarily the method of 
choice in all applications of light scattering to the characterization of col- 
loids, nor is it always essential to have a detailed quantitative knowledge 
of the theoretical behavior. The work of LaMer and Plesner (39), for exam- 
ple, shows that the particle size of latex spheres can be determined quite 
accurately from the positions of the extrema of the Higher Order Tyndall 
Spectra provided specimens of known particle size are available for cali- 
bration. On the other hand, in the study of systems where the Mie theory 
is not strictly applicable by virtue of deviations from spherical shape, from 
uniformity of size, or from optical homogeneity, it may be necessary to 
combine some of the available procedures in order to obtain a consistent 
characterization of such systems in terms of ‘‘effective’’ values of the Mie 
theory parameters. Measurements of Higher Order Tyndall Spectra (3-5), 
polarization ratio (9, 40), phase angles (9), and angular dependence of 
scattered intensity (9, 36) have been made on several colloids and their 
mutual consistency has been demonstrated (3, 9). 

Polydispersity has not been considered in the present work. One reason 
for believing, however, that greater resolution of fine structure will seldom 
be needed in practice is that most systems, even when the dispersec phase 
is homogeneous and unimodal, are likely to have size and shape distribu- 
tions of much greater breadth than those of the remarkably uniform poly- 
styrene latexes. Even a moderate broadening will smear out much of the 
fine structure and make possible the use of smoothed theoretical curves 
(41). 

In some applications it will be desirable to consider particle refractive 
index as an additional unknown. Estimates of this can sometimes be ob- 
tained by varying the refractive index of the continuous phase, n, but this 
may be objectionable in biological hydrosols in which n, may be indirectly 
dependent upon, n. The accuracy of estimates of m obtained from pairs of 
values of s at different wavelengths in conjunction with families of theo- 
retical curves is now being studied and will be reported later. 


SUMMARY 


Specific extinctions Z/c have been measured in the visible and long ultra- 
violet (3500-10000 A.) for four polystyrene latexes containing uniform 
spherical particles suspended in water, using a modified Beckman model 
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DU spectrophotometer. Methods were developed for making the interpola- 
tions required in calculating the Mie total scattering coefficients K (A) from 
published tabulations of [K(a)]m. The values so obtained were in good 
agreement with those calculated from extinction, dry weight, and particle 
radii determined in the electron microscope (17). In reversing the pro- 
cedure, values of particle radius could be found from the experimental data 
which agreed very well (to <1% in 3 cases out of 4) with those determined 
by electron microscopy. In order to dispense with the need for independent 
concentration measurements, it was further shown that experimental slopes 
s, equal to —(d log E/d log \), agreed well with theoretical values equal to 
d log K/d log a (where a is the size parameter 27r/d). Again reversing the 
procedure with the aid of suitable calibration curves s(log 7) it was shown 
that particle size and concentration could both be determined from the ex- 
perimental slope s, the former agreeing to better than 2% with the electron 
microscope values and the latter to better than 6% with the dry weights. 
Attention is drawn to the importance of the “fine structure” or presence 
of subsidiary extrema in the theoretical and experimental data s(r) when 
characterizing highly uniform monodisperse suspensions of spheres by this 
method. 
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ABSTRACT 


Streaming currents have been measured in benzene solutions of tetraisoamyl am- 
monium picrate between 10-7 and 10-3 mole/I. in long capillaries of various widths 
and wide capillaries of various lengths. A considerable influence of width and length 
was found. High ¢-values (—280 mv.) were obtained at low concentrations. The cor- 
responding theory is developed; over the length of a glass capillary an electrostatic 
potential V(x) develops, which shows resemblance to a catenary; measurements con- 
firmed the theoretical expectation. 


INTRODUCTION 


A few years ago we published (1) ¢-values for solutions of (iso-CsH,,),N- 
picrate (“‘tiap’’) in dioxane, in mixtures of dioxane and water, in benzene, 
and in mixtures of benzene and acetone. 

The experimental procedure consisted in the measurement of the electro- 
osmotic speed or the streaming current (8.C.) of the solution in a capillary 
system; this consisted essentially of a system of closely fitting glass rings, 
length 1 cm., width of the slits 0.005 cm. (50 uw). The choice of this system 
was determined by the wish to have an apparatus of great sensitivity. The 
results obtained in benzene solution are shown in Fig. 1. 

Recent work has indicated that the experimental method might have 
given wrong results for solutions of extremely low conductivity. 

a. For very dilute solutions, the width of the slits was smaller than the 
thickness, 6, of the double layer, which follows from our experiments in 
turbulent flow (2); in this case the 8.C. becomes smaller than the value 
derived from Eq. [1]. 

b. For very dilute solutions, the length of the slits was shorter than the 
characteristic length ir, where 3 is the average speed, and r = D/4mo the 
relaxation time of the liquid; in this case the S.C. becomes also smaller 
than the value given by Eq. [1], as has been pointed out by Schén (3) and 
by Klinkenberg and van der Minne (4). 


EXPERIMENTAL 


We have measured streaming currents in benzene solutions of “‘tiap” at 
concentrations of 0, 0.1, 0.2, 0.5, 1, 5, 10, 50, 100, 500, and 1000 umoles/1. 
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log concin mole/| 


Fig. 1. The variation of ¢-potential with concentration for “‘tiap’”’ in benzene. 


a. in long capillaries (length = 100 cm.) of various radii: 0.188, 0.126, 
0.0546, 0.0213 cm.; 

b. in wide capillaries (radius = 0.126 cm.) of various lengths: 101.3, 
24.8, 5.0 cm.; 

c. also in a cylindric slit and in the old ring system. 

Turbulence may occur; in this case, the 8.C. increases with pressure in 
a nonlinear way. 

In our experiments, two 5-liter vessels were connected by the capillary; 
the electrodes were placed very close to the ends of the capillary. We had 
some doubts as to whether they picked up the 8.C. effectively; therefore 
the vessels were wrapped in tin foil and each foil was connected to its elec- 
trode. In another experiment a platinum tube was shoved inside the glass 
tube containing the electrode and connected to the electrode. All these 
measures had practically no influence upon the 8.C. 

The S.C., of the order of 10°°-10 " Amp., was measured by its potential 
drop over a known resistance, with a Lemouzy electronic voltmeter or with 


a Vibron electrometer. 


RESULTS 


a. S.C. in Long Capillaries of Various Widths 


The 8.C. were plotted as a function of pressure. About one hundred of 
such J-p curves were obtained; they are satisfactorily smooth, but at low 
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Fra. 2. Streaming current versus pressure for long capillaries (length 100 cm.). 
VW, radius = 0.188 em. 
W, radius = 0.126 cm. 
N, radius = 0.0546 em. 
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7, 36 -5 =f -3 
log conc in mole/\ 


Fia. 3. Apparent ¢-values in long capillaries (length 100 cm.). 
VW, radius = 0.188 cm. 
W, radius = 0.126 cm. 
N, radius = 0.0546 cm. 
VN, radius = 0.0213 cm. 


concentration they show a bend; at higher concentration this bend shifts 
to higher pressures (fig. 2). We attributed this behavior to the occurrence 
of turbulence; then the ¢-values must be derived from the low-pressure 
part of the curve. The ¢-values, thus obtained by means of the formula 
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(-C) in mv 


-7 =e -5 = =2 
log concinmole/t 


Fic. 4. Apparent ¢-values in wide capillaries (radius 0.126 cm.). 
L, length = 101.3 cm. 
M, length = 24.8 cm. 
S, length = 5.0 cm. 
RS, ring system used in previous work. 


Ts.c. = Divaxis — 2Di, [1] 


are shown in Fig. 3. They agree mutually at higher concentrations; here 
they also agree with the old ring system measurements. At low concentra- 
tions the curves diverge; the narrow capillaries yield depressed ¢-values; 
this indicates that here 6 > r, and that Eq. [2] should be used. The high 


¢-values (— 280 mv.) obtained at low concentrations in wide capillaries are 
especially interesting. 


STREAMING CURRENTS WITH NONAQUEOUS SOLUTIONS 335 


b. S.C. in Wide Capillaries of Various Lengths 


The -values, obtained again with the aid of Eq. [1], are represented in 
Fig. 4; here again we have agreement at high concentrations, divergence at 
low concentrations (where dr > 1). 


THEORETICAL 
a. Influence of the Thickness of the Double Layer 
If 6 > 7, we have 


Is.o. = Qar — = 2Dt5 ~.. [2] 


Here we have assumed that the surface charge/cm.’ is the same in a wide 
and in a narrow capillary. 


b. Influence of the Length of the Capillary (cf. 3, 4) 


The theory is presented in the following scheme; its left-hand side con- 
tains the theory given by Klinkenberg and van der Minne for a metal 
capillary; its right-hand side contains the theory for a glass capillary (of 
nonvanishing conductivity). In this scheme q is the charge per centimeter 
of the liquid, go is the value of g when the liquid is at rest, 0 is the average 
speed of the charge particles, given by 


Q= [ Qrrp(r)v(r) dr, 
0 


7, being the inner, rz the outer capillary radius; H, is the axial component 
of the electric field, H, its radial component, Ho, the radial component when 
the liquid is at rest; then the radial current/cm. is 277;0;Ho, and the diffu- 
sion currents from the wall cancel out; therefore the net radial current/cm. 
is 2ario1( LE, = Er). 

In the metal capillary, the liquid flows out freely at x = 1; hence I,(/) = 
0. In the glass capillary measurements, the electrodes in the two vessels 
are connected by the measurement apparatus, and therefore at the same 
potential; hence 


1 
[ Ji 0he == Us 
0 


The field E, is assumed to be the same in the glass wall and in the liquid 
inside the glass capillary. 
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This function V(x) resembles a catenary, with a minimum at x = 1/2 
if l/dr is small. For a glass capillary, filled with pure benzene, the value of 
V at this minimum is calculated at a few hundred volts. Recent measure- 
ments carried out with an electrostatic voltmeter have given V(x)-curves 
of the expected shape. 
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ABSTRACT 


Silver hydrosol prepared by Voigt and Heumann’s method was exposed to ultra- 
sonic waves at a frequency of 1 megacycle per second and power of 225 watts per 
square centimeter. The original yellow color of the sol slowly disappeared leaving 
behind a colorless solution. It is concluded from the present investigation that a 
chemical reaction takes place when colloidal silver is exposed to ultrasonic waves. 
The particles of silver go into the solution state, forming silver ions; Ag > Agt+ 
©. The change is of the first order. 


INTRODUCTION 


The previous work on this subject is of Urazovskii and Polotskii (1), J. P. 
Causse (2), and the present authors (3, 4). 

We are recording our results on the influence of the ultrasonic waves on 
silver hydrosol. The ultrasonic power was obtained from Mullard’s high- 
frequency ultrasonic generator, type E. 7562. 


EXPERIMENTAL 


The sol was prepared by the method suggested by Voigt and Heumann 
(5). Silver oxide was precipitated from a solution of silver nitrate by adding 
caustic soda solution. The precipitated oxide was washed thoroughly until 
free from all ions. It was treated with boiling water, when a small concentra- 
tion of it went into the solution. This was filtered hot (100°C.) several times 
to ensure that no suspended particles of silver oxide were left behind. To 
50 ml. of this solution were added a small quantity of 0.18 N sodium car- 
bonate solution and 0.5 ml. of a formaldehyde solution containing 2 ml. of 
formaldehyde in 100 ml. of water. The mixture was heated rapidly to 50°— 
60°C. until a yellow sol was obtained. The heating was continued for an 
hour to obtain a stable sol. It was further evaporated to get a concentrated 
sol. The sol contained 0.0968 g. of silver per liter. 

A constant volume of the sol was exposed each time to ultrasonic waves 
at a frequency of 1 Mc/s (megacycle per second) and power of 225 watts 
per square centimeter. The fading of color was very apparent. The con- 
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TABLE I 
Effect of Ultrasonic Waves on Silver Hydrosol 
Temperature = 25°C. 


Viscosity of water = 1.00000 
a te RO 


Exposure Sp. cond. X 104 


(nantes Color (visual) pH (Git ten) Viscosity 
0 Yellow 6.9 0.67 1.00659 
30 Yellow 6.8 0.79 = 
60 Yellow 6.7 1.16 1.00489 
90 Faint yellow 6.6 1.28 = 
120 Faint yellow 6.5 1.47 1.00391 
150 Very faint yellow 6.1 1.65 = 
180 Almost colorless 4.5 2.20 1.00210 
210 Almost colorless 4.0 3.06 — 
240 Colorless 3eO 3.86 1.00191 
270 — Boh) 4.65 “= 


ductivity and pH values were found to increase and the viscosity to de- 
crease as the fading continued. The change in pH values slowed down as 
the sol became more and more colorless (Table I). 

All the results recorded above showed that probably the silver was going 
into solution as silver ions. In principle any reaction which involves the 
transference of electrons is capable of providing an electrode. The electrode 
reaction will be represented by 


M = M* + Ze 


where M is a pure metal of valence Z+ in contact with a solution of M** 


ions. 
The electrode potential will be given by 


A yet 
(a 
5 

Ax 


where Ay:+ and Ax are the activities of M** and M, respectively. 

If this were the case it was very likely that the potential of the colloidal 
solution should increase as a result of the exposure’s causing silver to change 
to silver ion. The following electrode was therefore set up: 


TEP. 
Eu = Hu + Gp lo 


+ x. = 

| Saturated ! Ag sol 

' NH, NO; | | containing | Ag 
Ag* ions 


Hg | Hg: Ch 0.1 N KCl! 
| 
| | Cathode 


Anode 
If E be the potential difference between these electrodes and 4, the po- 
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TABLE II 
Potential of Ag/Ag*t Half-Cell at 25°C. 
Exposure (minutes) 1st set potential (volts) 2nd set potential (volts) 

0 0.2365 0.2360 
30 0.2410 0.2400 
60 0.2809 0.2421 
90 0.2906 0.2752 
120 0.3001 0.2911 
150 0.3050 0.3054 
180 0.3052 0.3056 
210 0.3054 0.3057 
240 0.3055 0.3059 
270 0.3055 0.3059 


et 


tential of the calomel half-cell which is 0.336 volt at 25°C., then the po- 
tential E, of the Ag/Ag” half-cell will be 


E, = H, — E. 


As was expected the potential of the colloidal solution increased, showing 
a tenfold increase in silver ion activity with exposure, and became constant 
after a certain period, when the color of the sol entirely disappeared 
(Table IT). 


Kinetics of the Reaction 


The sol prepared by the method described was transparent to the trans- 
mitted light, and therefore the fading of color could easily be studied with a 
colorimeter and its kinetics determined. A green filter having a range be- 


TABLE III 
Changes in Optical Density 


Exposure (minutes) Optical density Concentration (a — x) (gm/l) 
0 0.668 0.0968 (= a) 
30 0.561 0.0812 
60 0.490 0.0710 
90 0.420 0.0608 
120 0.300 0.0434 
150 0.212 0.0307 
180 0.123 0.0178 
210 0.083 0.0120 
240 0.049 0.0071 
270 0.028 0.0040 


300 0.012 0.0017 
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tween 540 and 590 my was found to be suitable. The changes in optical 
densities are recorded in Table III. The measurements were made with a 
Klett-Summerson photoelectric colorimeter. The solution was taken in a 
tube of 1 em. diameter. The concentration was taken proportional to optical 
density, and on this basis the values of (a — x) in Table III were calculated. 
The value for a has been determined gravimetrically. A plot of exposure time 
against log (a-) is shown in Fig. 1. The slope is found to be linear, showing 
that the reaction is of the first order. 


Discussion 


From the foregoing results it appears that a chemical reaction takes 
place in which the metallic particles of silver are converted into silver ions, 
and the order of the change is unity. 


Ag— Agr + ©. 


This process is facilitated by the solvent action of hydrogen peroxide 
which is formed during the exposure. The quantity of hydrogen peroxide 
produced during the exposure is very small and most likely it is insufficient 
to account for the changes observed and also for the speed with which the 
reaction proceeds. This would suggest that the reaction is induced by the 
activation of oxygen. The preliminary step is the rupture of the water 
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molecule by the absorption of 118 kcal. per gram mole of energy supplied 
by the waves. 


HOH — H* + OH*. 


The H and OH radicals thus formed are in an activated state (as indicated 
by asterisks). The dissolved oxygen also gets activated by the cavitation 
process. The dissolution of silver may take place as follows: 


(i) Ag + OH* > AgOH* — Ag* + OH™ 
(ii) O2 — 20* 
(iii) O¥ + H.O + 2Ag > 2AgOH* — 2Agt + DO Ene 
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ABSTRACT 


Temperature variations of intrinsic viscosities and some other viscosity param- 
eters for ethyl cellulose fractions in representative solvents are considered in terms 
of some current hydrodynamic and thermodynamic treatments of the viscosities of 
dilute polymer solutions. The value of [n] decreases strongly with increasing tem- 
perature, the dependence being approximately linear. The temperature coefficient of 
fn] appears to be linearly related to the molecular weight of the polymer. Except in 
the case of chloroform, in which aggregation of polymer may occur, values of the 
exponent a in the expression [n] = KM decrease slightly with increase of temperature 
suggesting decreasing chain extension. Values of the Porod-Kratky persistence 
length g, the Kirkwood-Riseman effective bond length 6, and the angle between 
successive bond planes in the polymer chains suggest decreasing chain stiffness as 
the temperature increases. The Flory treatment is applied to obtain qualitative 
information regarding the contributions of different factors to the negative tempera- 
ture coefficients of [n], suggesting that these are primarily due to decreases in the 
value of (7), where 7 is the mean-square unperturbed end-to-end distance of the 
chains and M the molecular weight. The variations of [n] and its temperature coeffi- 
cient with solvent are briefly discussed. 


INTRODUCTION 


In a previous communication (1) we discussed the temperature de- 
pendence of viscosities of dilute solutions of ethyl cellulose in terms of the 
variations of the quantities Q and A, in the relationship 7 = Ae®’*’, with 
molecular weight M and concentration c of polymer. An alternative ap- 
proach is the consideration of intrinsic viscosity, [n], in terms of hydro- 
dynamic theories applicable to dilute polymer solutions (2-5). These per- 
mit, at least in principle, the calculation from [7] of parameters belonging 
to definite models of the polymer chains. Most theories assume consider- 
able chain flexibility and coiling—assumptions unlikely to hold for cellulose 
derivatives, the chains of which are stiff and may assume the character of 
random coils only at high molecular weights. Porod (6) and Kratky (7) 
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have suggested a ‘wormlike” chain, more generally applicable to stiff 
chains, which is characterized by a stiffness parameter, the “persistence 
length” qg. This is defined as the mean value of the projection of an infinitely 
long chain along the direction of the first element in the chain. The Kirk- 
wood-Riseman theory (5) may perhaps be more generally applicable to 
cellulose derivatives than other theories assuming relatively considerable 
coiling (8). This theory permits estimation of the effective bond length 6, 
or mean length of the statistically independent units of the chain, from [7] 
and a value of the exponent a in the relationship [7] = KM“. The angle 
between successive bond planes in the chain, ¥, may also be estimated. 
The quantities g, b, and y are all measures of chain stiffness, and the ex- 
ponent a may be related, at least qualitatively, to chain configuration. 
The variations of these parameters with temperature should therefore 
provide information regarding the temperature dependence of chain con- 
figuration and stiffness. 

Hydrodynamic theories, as Flory (9) has pointed out, do not consider 
interaction between remotely connected elements in the same chain as a 
result of which a certain volume is excluded from occupation by other 
parts of the chain and 7, the mean-square end-to-end distance of the chain, 
is increased. Chain configuration will also depend on polymer-solvent inter- 
action, extended forms being favored in good solvents and contracted forms 
in poor solvents. In a sufficiently poor solvent attraction between distant 
chain elements may exactly compensate the effects of volume exclusion and 
the chains will adopt a so-called unperturbed configuration with mean- 
square end-to-end distance *°. Under all other conditions 7° will be in- 
creased by a factor a° and the Flory treatment leads to 


[n] = (7°)°°/M [1a] 
or 

[n] = ®(70/M)°? M08, [1b] 
where ® is a constant. 

For this equation to hold the coiling of the chains should be such as to 
ensure approach to a spherically symmetrical form and the internal hydro- 
dynamic resistance be large enough for ® to attain its limiting value of ca. 
2 X 10”. These requirements are unlikely to be met by cellulose derivatives 
with M less than several hundred thousand (10, 11). In spite of this, useful 
qualitative information has been obtained by application of the Flory treat- 
ment to cellulose derivatives (10-14). Flory, Spurr, and Carpenter (11) 
have used a modified form of Eq. [1b]: 

[nl a (} Fy /M)?? M08 [2] 


to interpret temperature coefficients of intrinsic viscosities of cellulose 
acetates and trinitrate. Here {6} is less than the limiting value @ and in- 
creases with both increasing temperature and M. 
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EXPERIMENTAL 


Characteristics of the six fractions used, covering the molecular weight 
range 40,000-140,000, have been given previously (1, 15). The solvents 
used were ethyl methyl ketone, ethyl acetate, butyl acetate, benzene, 
chloroform, and nitroethane. Their purification and the preparation and 
storage of solutions have also been previously described (1, 15). Viscosities 
of the solvents and of solutions in the concentration range 0.1-0.4 g./dl. 
were determined using capillary viscometers at temperatures from 25° to 
60°C., in steps of 7°, except in the case of chloroform, where the highest 
temperature was 53°C. Temperatures were controlled to +.05°. Kinetic 
energy corrections were made where applicable. Intrinsic viscosities were 
obtained by extrapolation of linear plots of log (7sp/¢) against ¢ to zero c, 
using the method of least squares. Concentrations were appropriately cor- 
rected for thermal expansion. Only the four lowest fractions were soluble 
in nitroethane. 


RESULTS 


Figures 1 and 2 show plots of 7.,/c against ¢ for the fractions of highest 
and lowest molecular weight used in each solvent at the highest and lowest 


Benzene 


C.g./dl. 


Fre. 1. Plots of nsp/c¢ vs. ¢. 
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Chloroform 


_——=$<$<$<—$ 53° 


Fig. 2. Plots of nsp/c vs. c. 
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Fic. 3. Intrinsic viscosities in ethyl methyl ketone as a function of temperature. 
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| Benzene 

2 Butyl acetate 
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4 Ethyl methyl ketone 


5 Nitroethane 


30 40 50 60 
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Fig. 4. Intrinsic viscosities for fraction of M, 87,000 as functions of temperature. 


TABLE I 
Temperature Coefficients of {n] 


—d[n\/dT X 10? 


Solvent I, 
140,000 119,000 87,000 64,000 57,000 40,000 


Ethyl methyl ketone 2.10 1.70 1.26 0.91 ORT 0.54 
Ethyl acetate 2.23 fl 1.37 0.86 0.51 
Butyl acetate 2.40 2.03 1.43 1.09 0.89 0.63 
Benzene 1.69 1.37 1.09 0.94 0.69 

Chloroform 2.22 2.00 1.43 1.39 iLeaitil 0.71 
Nitroethane 1.49 0.71 0.60 0.45 


em 


temperatures. These are typical of results obtained with other fractions at 
other temperatures. The initial slopes and upward curvatures of the plots 
decrease with increasing temperature. Intrinsic viscosities of the fractions 
in ethyl methyl ketone are plotted against temperature in Fig. 3. An ap- 
proximately linear dependence of [7] on temperature was obtained for the 
fractions in the other solvents and is further illustrated in Fig. 4, where 
[n] for the fraction of M,, 87,000 is plotted against temperature. The plot 
for chloroform is similar to that for benzene and is omitted for the sake of 
clarity. This dependence of [7] on temperature is not incompatible with the 
dependence on the reciprocal of absolute temperature previously reported 
(1), as the differences between the reciprocals do not differ greatly. 
Temperature coefficients of [7] are collected in Table I. In common with 
those for other cellulose drivatives (11, 14, 16, 17) they are strongly nega- 
tive and much larger than those observed with more flexible and less polar 
polymers. For a given fraction, excluding the highest, —d[1] /dT tends to 
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tO 


Fic. 5. Temperature coefficient of [7] in ethyl methyl ketone as a function of 
Mn. 


be greatest with chloroform and least with benzene. The value of [7] de- 
pends somewhat on the solvent. Figures 1-4 and Table I show that —d[7]/ 
dT depends on M. Figure 5, typical of results obtained with the other 
solvents, shows the dependence to be approximately linear. Similar results 
were obtained by Flory et al. (11) for cellulose trinitrate in ethyl acetate, 
but Manley (8), using aqueous solutions of ethyl hydroxyethylcellulose, 
found d[n]/dT to vanish at a D.P. of approximately 200. 
Values of the Huggins k’ in the relationship 


nep/¢ = [nm] + k'{n}'c 


decrease with increasing temperature. This is shown in Table II, where 
values for systems having the lowest and highest values are given. Values 
of K and a in the expression 


obtained from least-squares plots of log [n] against log M,, are given in 


TABLE II 
Values of k’ 
Solvent M, 25° 32° 39° 46° 58° 63° 
Chloroform 87,000 0.39 0.37 0.37 0.36 0.35 
Benzene 40,000 0.71 0.69 0.68 0.64 0.63 0.60 
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TABLE III 
Values of K anda 
Ethyl 
Temp. Ethyl Butyl Nitro- 
eZ methyl B sets 
(20/3) eben acetate acetate enzehe mC plorotorm ethane 
a (+ 0.02) 
25 0.84 0.89 0.87 0.81 0.89 0.96 
32 0.84 0.87 0.87 0.80 0.88 0.93 
39 0.82 0.86 0.86 0.81 0.89 0.90 
46 0.82 0.86 0.84 0.79 0.90 0.87 
53 0.81 0.85 0.84 0.78 0.90 0.81 
60 0.79 0.85 0.83 0.78 0.79 
Ka X04 
PAS. 1.82 1.07 1.40 2.92 1.18 0.42 
32 1.76 1.30 1.36 3820 1 D7 0.56 
39 Drele 1.40 1.46 2.80 1.09 0.75 
46 1.82 1235 ik 7s Bo 0.93 1.01 
53 2.2K 1.45 1.69 Ba Hil 0.90 1.88 
60 2.67 1.40 1.81 3.58 2.26 


ne U EEE EEEEEEEEE SED 


Table III. Except with chloroform, a decreases slightly with increase of 
temperature and K increases. 


DIscuSSION 


The negative temperature coefficients of [n] and the decreases in slope 
and curvature of the 7;,/c¢ vs. ¢ plots are indicative of decreasing chain ex- 
tension as the temperature increases. This is also suggested by the corre- 
sponding decrease in the values of a for all the solvents but chloroform. 
Osmotic studies on dilute solutions of the fraction of M, 119,000 (18) 
show that with chloroform as solvent the extrapolated value of m/e at 
zero c decreases markedly with increase of temperature above 25°C. pos- 
sibly because of desolvation and aggregation of polymer. Such aggregation 
may not greatly affect [n] (19), but it makes any correlation of a with chain 
configuration doubtful. The general decrease in the values of k’ is also 
rather difficult to interpret. With flexible polymers decreasing values reflect 
increasing solvent power with corresponding increases in chain extension. 
The latter is clearly unlikely in the present case and k’ is not generally a 
measure of solvent power for cellulose derivatives (20). The decreases in 
k’ may be simply a consequence of the decreasing values of [ny] and slopes 
of the 7.,/c vs. ¢ plots. 

The persistence length q of the Porod-Kratky model may be obtained 
from (21): 

PIT Gg Cs 2"); [3] 
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TABLE IV 
Values of q for Fraction of M,, 140,000 


q (cm. X 1078) 


Solvent 
25°C. 60°C. 
Ethyl methyl ketone 68 59 
Ethyl acetate 72 62 
Butyl acetate 73 63 
Benzene 73 66 


where L is the fully extended length of the chains, in this case the degree of 
polymerization multiplied by the length of a substituted glucose unit 
(5.15 A.). For flexible polymers 7 can be obtained from Eq. [la], giving 
® its limiting value, but this is not so in the present case. Values of {®} in 
Eq. [2] are not known. The difference between and {&} should be least for 
the fraction of highest 17, , and values of *, obtained by use of [la], have 
been used to calculate q for this fraction in ethyl methyl ketone, butyl and 
ethyl acetates, and benzene at 25° and 60°C. The use of @ in the calculation 
will lead to values of g which are too small so that those given in Table IV 
are of only qualitative significance at best. The differences between the 
values of ® and {#} should be least at 60° so that the variation of q with 
temperature is likely to be greater than that suggested in the table. The 
values given may be compared with 111 A. (22) and 115 A. (28) for cellu- 
lose trinitrate in acetone and 200 A. (23) for the trinitrate in ethyl acetate 
at 25°C. They suggest that the ethyl cellulose chains are stiff but that stiff- 
ness decreases appreciably with increase of temperature. 

Similar results are obtained from the Kirkwood-Riseman treatment. The 
effective bond length b may be obtained from (24): 


b= 600M o(6r°)!"[n]/N aw 2 ?xF (2), [4] 


where Mp) is the molecular weight of a substituted glucose unit (232.25), 
N« the Avogadro number, and [ny] the intrinsic viscosity corresponding to 
the mean logarithmic degree of polymerization Z. Values of the function 
«F (x) are tabulated by Kirkwood and Riseman (5) for various values of 
the viscosity-molecular weight exponent a. Values of b are given in Table V. 
They are much larger than are obtained for flexible polymers and may be 
compared with 30-46 A. for cellulose trinitrate in acetone (25), 27.3 for 
cellulose acetate in the same solvent (25), and 37 for ethyl hydroxyethyl- 
cellulose in water (8). 


The angle y between successive bond planes can be obtained from (25) 


2 ,2(1+ cos 6@)(1 + cos) 
a (1 — cos 6)(1 — cos w) 5] 
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TABLE V 
Values of b and y 


b (cm. X 1078) w (degrees) 
Solvent 
25° Cr 60°C. 25°C. 60°C. 
Ethyl methyl ketone 31.5 26.8 26 30 
Ethyl acetate 38.3 30.4 22 27 
Butyl acetate 35.0 29 .4 23 28 
Benzene Leo 28.3 26 29 
Nitroethane 8.1 24.7 18 33 


where cos y represents a mean value, @ is the supplement of the valence 
angle, equal to 70° for cellulose derivatives, and bp is the length of a glucose 
unit (5.15 A.). Values of y, obtained from those of b, are included in Table 
V. Since cos y is zero if there is free rotation about the bonds, the values of 
y, although qualitative, suggest considerable chain stiffness, even at the 
higher temperature. Manley (8) gives Y = 22.5°C. for ethyl hydroxyethyl] 
cellulose in water. 

Although the Flory treatment is not strictly applicable to cellulose de- 
rivatives in the molecular weight range considered, its use may give useful 
qualitative information regarding the contributions of different factors to 
the temperature coefficients of [n]. In Eq. [2], {}, a’, and (7 /M) may all 
vary with temperature. In the cases of butyl acetate and benzene as sol- 
vents it is possible to make estimates of the contribution ot d In a’/dT to 
d In [n]/dT. Osmotic studies of solutions of the fraction of M,, 119,000 have 
been made with these solvents at 25°, 35°, and 45°C. (18). From these 
values of the second virial coefficient A, can be obtained. With these and 
interpolated values of [n] it is possible to estimate a at the three tempera- 
tures by means of an approximate relationship due to Orofino and Flory 

26): 
fei Ap = (2°?eN 4/3°®)([n]/M) In (1 + (9""/2)(o8 — 1)]. [6] 


The data used and the results are given in Table VI. Here & was given the 
limiting value of 2 X 10”. Lower values which, strictly, should be used 
would reduce the value of a’. 

The values of d In a®/dT are similar in magnitude to those of d In [n]/dT 
but of opposite sign. The negative temperature coefficients of [ny] would 
seem to be largely due to decreases in the value of (7 /M) as the tempera- 
ture increases. Similar conclusions were reached by Flory et al. (11), who 
point out that the temperature coefficient of (7 /M) may be slightly modi- 
fied by a change in the value of {®} with temperature. Since {} will increase 
with increasing temperature the true value of the negative temperature 
coefficient of (7 /M)*” may be somewhat greater than is suggested by the 
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TABLE VI 
Solvent Tee ore ns Mn X [nl at | din {nl/éT X 102 | dln ot/dT X 102 

Benzene 25 1.56 1.19 3.44 | 1502 —0.40 +0.79 
ais eS 7A 1.19 3 Olle GL 
45 1.98 1.19 Betsy | Marke) 

Butyl 25 0.99 1.19 3-50) leo? —0.61 +0.50 
acetate 35 1.08 1.19 3.06 | 1238 
45 1.19 1.19 Sed el 46 


magnitude of d In [n]/dT — dln a’/dT. Flory et al. also point out that the 
ratios {6} /& and (7° /M)*?/(7°/M)z”, where (7 /M)%” represents the 
limiting value for infinite 7, should increase both with increasing tempera- 
ture and molecular weight and contribute positive temperature coefficients 
tending to offset the negative ones of (7 /M)%”. These contributions will, 
oe decrease with increasing M. The increases in the values of 
—d[n|/dT with increasing M are in re with these suggestions. 

It remains to consider the variations of [7], d[n]/dT, and other parameters 
with solvent. At a given temperature and Sea weight [7] is generally 
least in nitroethane and greatest in benzene and chloroform, although the 
solvent variations are not very large. Lower values in nitroethane might 
perhaps be expected since the polymer-solvent interaction parameter x; , 
obtained with a rough fraction in this solvent at 25°C., is 0.45 (20). Values of 
xi for the fraction of M,, 119,000 in benzene and butyl acetate are 0.34 and 
0.33, respectively (18). Chloroform at 25°C. gives 0.29 (18). Variations of 
[n] with solvent are likely, at least in part, to reflect variations in (7 /M). 
The rather larger values of [7] for benzene compared with those for butyl 
acetate might be due to the larger values of a suggested for benzene and 
the smaller negative temperature coefficients of [ny] obtained with this 
solvent to the larger variation of a’ with temperature. The values of the 
exponent a at all temperatures are least with benzene, and it is possible that 
the chains are less extended in this solvent. This is not in agreement with 
the values of g and b, which are, however, only qualitative. Solvation, which 
is unlikely in benzene, may cause more extended configurations because of 
more extensive packing of solvent molecules around the chains. At lower 
temperatures solvation is likely to be greatest in chloroform (20), but here 
possible desolvation and aggregation at higher temperatures makes inter- 
pretation of the values of [n] and d[n]/dT doubtful. The large decreases in 
the values of b and the exponent a with increasing temperature observed 
with nitroethane may be partly due to the use of only the four lower frac- 
tions with this solvent. At low temperatures the chains may be relatively 
extended, increasing temperature leading to more contracted forms—an 
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effect enhanced by the poor solvent power of nitroethane. In view of the 
qualitative nature of the treatment these suggestions can be only tentative. 
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LETTERS TO THE EDITOR 
MIXED MONOLAYERS WITH POLYVINYL ACETATE 


Remarkable properties have been observed on the film balance for an 
equiweight mixture of polyvinyl acetate, which orients horizontally, and 
stearic acid, which orients vertically. The polyvinyl acetate (1) was of high 
purity; it had a weight-average molecular weight of about one million. The 
stearic acid (m.p. 69.61°C.) was specially prepared by the Research Divi- 
sion of Armour and Company. Apparatus and techniques for the study of 
mixed monolayers have been described (2). The volatile spreading solvent 
was twice-distilled benzene; films were studied at 25°C. In Fig. 1, pressure- 
area isotherms are plotted for the two individual components, duplicates 
of the mixture, and a calculated average based on simple additivity of 
areas. 

The isotherm for the monolayer of stearic acid alone gives an extrapolated 
area of 0.43 square meters per milligram (m.?/mg.) or 20 square Angstroms 
(A.2) per molecule. The monolayer has a thickness of about 25 A., a com- 
pressibility of 0.0019, and a collapse pressure of 42 dynes per centimeter (2). 

The isotherm for polyvinyl acetate gives an extrapolated area of 
1.9 m2/mg. or about 27 A.2 per monomer unit (3-7). This area corresponds 
to a film thickness of about 4.5 A. and establishes horizontal orientation for 
the polymer molecules. Compressibility is 0.0252. Collapse occurs gradually 
at about 23 dynes/em.—a high pressure for a film of horizontally oriented 
molecules (8). The film shows no hysteresis on compression and expansion; 
moreover, the response to compression and expansion is unusually rapid. 
Complete compression and complete expansion can be performed within a 
few minutes, with all points falling on the equilibrium isotherm. After com- 
plete compression presumably little if any solvent remains; on release of 
pressure rapid spontaneous spreading without benefit of bulk solvent is 
thus indicated. No other film in our experience has shown such rapid re- 
sponse. 

For the mixed film, extrapolated areas for the portions of the isotherm at 
low and high pressures are, respectively, 1.10 and 0.29 m.?/mg.; compressi- 
bilities are 0.0195 and 0.0054. The low-pressure portion is slightly to the 
left of the calculated average curve; packing together is evidently tighter 
than packing alone. The inflection in the isotherm near 25 dynes/cm., 
which is close to the collapse pressure for the polymer, suggests that polymer 
is being squeezed out of the film. Area values at higher pressures closely 
approach those for stearic acid alone; probably little of the polymer remains 
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Fra. 1. Pressure-area isotherms for stearic acid, polyvinyl acetate, and an equi 
weight mixture. 


in the monolayer. The steepness of the isotherm also indicates that stearic 
acid dominates in this region. Most striking, however, is the collapse pres- 
sure for the mixture: 63 dynes/cm. This collapse pressure 1s far greater than 
that for either component and is about equal to the sum of the two. Moreover, 
the film is unusually stable and shows little hysteresis in compression-ex- 
pansion experiments. Evidently the polyvinyl acetate facilitates reversi- 
bility; stearic acid monolayers alone normally expand extremely slowly. 
Additional preliminary experiments indicate that equiweight binary 
mixtures of polyvinyl acetate with n-hexacosanoic, n-hexatriacontanoic, 
and 2-hydroxystearic acids give somewhat similar results, including the 
high collapse pressures. However, binary mixtures of the polymer with 
octadecyl alcohol, methyl stearate, and cholesterol give collapse pressures 
close to those obtained without the polymer. Entirely different combina- 
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tions, obtained principally by a penetration technique, may also give high 
film pressures (9, 10). 

Although excess polymer may be squeezed out of the mixed monolayer 
on compression, enough may remain to maintain a polymer monolayer 
under or intimately mixed with the carboxy] groups of the fatty-acid films. 
Stability may result from hydrogen bonding between free carboxyl groups 
and acetate groups. Film structure may be tantamount to a fatty-acid 
monolayer on top of a polyvinyl acetate monolayer. Because the polymer is 
polar, bulky, and amorphous, it may interfere with the folding and 
structured collapse of the fatty-acid layer (11). Interaction of the acetate 
groups of the polymer with hydroxyl and other ester groups is evidently 
slight. 

An understanding of the nature of the interaction between large and 
small molecules of various orientations in thin films should shed light on 
many areas of protein, polymer, and catalyst research. 
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IMPINGEMENT OF AEROSOL PARTICLES ON POLYVINYL 
ALCOHOL FILM 


A recent article by Drs. I. Gallily and V. K. LaMer (1) has prompted a 
reappraisal of some peculiar photomicrographs which were taken in 1956 
while calibrating a polyvinyl alcohol-AgNO; film used to measure the size 
of water and salt water droplets (2). 

The Gallily-LaMer article discussed the measurement of liquid droplet 
rebound from an hydrophobic plate during impingement of the aerosol. In 
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one experiment they described how they coated a slide with very small 
droplets, then impinged much larger ones. The supposition was that if the 
droplets indeed rebounded and were redeposited without skid at another 
location, then no trails would appear through the small droplets. On the 
other hand, if the droplets skidded, the cleared paths would so indicate. 
No paths were observed and bounce rather than skidding was supported. 

A search through old photomicrographs turned up a peculiar one’ long 
forgotten in the files. This is a picture of the impressions left on the water- 
sensitive droplet measuring film by salt water droplets which were imping- 
ing at moderate speed (perhaps 10-30 m.p.h.). The larger droplets con- 
tained 8 uw diameter corn smut spores as a calibrating mechanism. A few 
small droplets contained a single spore, while many quite small droplets 
had no particulates. The impressions left by the large droplets were cir- 
cular and quite normal for the technique, but in this particular calibration 


1 The only remaining copy of the photomicrograph has been forwarded in personal 
correspondence to Dr. LaMer, who has suggested it may be reproduced if the Journal 
feels this note to be of sufficient general interest. 
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run, the reactions of the small droplets turned out to be quite unusual. 
Owing to some peculiarity of the run, the small droplets, upon striking the 
hydrophilic film, began to skid leaving behind a faint trail of salty moisture. 
This salt, upon reacting with the AgNO; in the film and after subsequent 
phenylhydrazine development, yielded a visible black trail. However, in- 
stead of a straight skid mark culminating in the final drop impression, the 
paths assumed a corkscrew pattern. 

The interesting implications of this are, of course, that under the right 
circumstances of droplet properties, impinging speed and angle, and col- 
lecting surface condition, very small droplets may be more prone to skid 
than to bounce. But of more consequence is the observation that these 
droplets may be spinning very rapidly (as evidenced by the corkscrew path). 
If such a spin is a common phenomenon associated with small droplets in a 
moving air stream, then it might be one of the influential forces bringing 
about droplet rebound or skid. If it is an uncommon occurrence brought 
about by peculiar air stream conditions, then investigators might well be 
wary of sudden anomalies appearing in aerosol experiments where rebound, 
skid, or collection efficiency properties are of importance. 
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THE SOLUBILIZING PROPERTIES OF THE 
PROTEIN-DETERGENT COMPLEX 


The physicochemical structure of protein-detergent complexes has long 
been the subject of speculation. It is generally accepted that the com- 
bination of detergent ions with proteins is principally electrostatic in 
nature (1). However, this simple picture becomes complicated by the fact 
that the combination is not stoichiometric, and in certain cases, there is 
apparently no limit to the binding (2). There are several points of view 
with regard to the disposition of the nonstoichiometrically bound de- 
tergent. Steinhardt (3) suggested that the extra detergent anions might 
be bound by a partially electrostatic mechanism which involved the prior 
combination of hydrogen ion to the weakly basic amide and peptide ni- 
trogen atoms. The binding of hydrogen ion could occur at low hydrogen 
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ion concentrations because the association of anions with the protein 
would decrease the net positive charge of the protein. The “‘extra’”’ anionic 
detergent is then bound to the newly formed cationic sites. This view is 
also supported by the work of Pankhurst (4). Lundgren (5) suggested 
that additional detergent could be bound by nonpolar forces to detergent 
ions already electrostatically bound to cationic sites. Some time ago, it 
was pointed out (6) that the binding of one detergent ion at a site on the 
protein favored the binding of additional detergent in the immediate 
vicinity of that site owing to interaction of the paraffin chains of the de- 
tergent. This implies that detergent binding sites on the protein may act 
as nuclei for the formation of a kind of micelle, which, for want of a better 
name, could be called a micellar cluster. The solubilization of an oil- 
soluble dye in aqueous solutions of detergents is a standard technique for 
the determination of the critical micelle concentration of a colloidal elec- 
trolyte (7). The point at which a sharp break in the curve of dye solubility 
vs. detergent concentration occurs is defined as the critical micelle con- 
centration as determined by this technique. This does not preclude the 
existence of associated detergent below that concentration; it merely in- 
dicates that the properties of the solution are such that the solubility of 
oil-soluble substances becomes greatly enhanced over a short concentra- 
tion range of detergent, designated as the critical micelle concentration. 

Since oil-soluble dyes are solubilized in aqueous detergent solutions 
only above the critical micelle concentration, solubilization of such dyes 
in detergent-protein solutions in which no micelles can be detected by the 
dye solubilization technique, might provide a useful approach to the char- 
acterization of the protein-detergent complex as a synthetic lipoprotein 
as suggested by the work of Ekwall (8) and Dervichian (9). The purpose 
of this report is to present the results of a preliminary investigation of the 
properties of the protein-detergent complex as a solubilizing agent in 
concentrations of alkyl sulfates in which no solubilization of oil-soluble 
dyes occurs, in the absence of protein. 

The solubilizing power of certain alkyl sulfates below the critical micelle 
concentration in the presence of native bovine serum albumin [BSA] was 
investigated. An experiment designed to study the solubilizing power of a 
series of sodium alkyl sulfates from C10 to Cis, toward p-amino azobenzene 
in the presence of BSA was carried out as follows. A series of tubes con- 
taining varying amount of alkyl sulfate was prepared which also con- 
tained a constant concentration of native BSA and some _ twice 
recrystallized solid p-amino azobenzene. The concentration of protein was 
also varied from 0.01% to 0.2% in other series. These tubes were securely 
sealed and allowed to rotate at constant temperature until equilibrium 
was reached. The results of the experiment involving tetradecyl sulfate 
may be seen in Fig. 1. There is apparently a linear increase in the amount 
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Optical Density of Aqueous Supernatant Layer over 
p~aminoazobenzene 


0.0l 0.02 0.03 0.04 


Per Cent Tetradecy!l Sulfate 
Fre. 1. The effect of bovine serum albumin on the solubilizing power of sodium 
tetradecyl sulfate below the critical micelle concentration. Curve 1—0.2% BSA; 
2—0.1% BSA; 3—0.05% BSA; 4—0.01% BSA. 


BPA “3 Moles Dye Solubilized per 
Sodium, Alkyl Splfate Mole of Detergent X 103 
Decyl 8.5 
Dodecyl 37.0 
Tetradecyl 102.2 
Hexadecyl GY sy 


of dye solubilized in the presence of the protein as the detergent concen- 
tration is increased below the CMC. This is in contrast to the fact that no 
solubilization of dye occurs in the pure detergent solutions until after the 
appearance of micelles. It was also found that over the range of protein 
concentrations used, there was little apparent solubilization of dye due to 
the protein. The slope of the line, corresponding to moles of dye solubilized 
per mole of detergent, is a function of protein concentration, and appears 
to reach a limit at about 0.2% protein. The solubilization of the dye by 
the protein-detergent complex was observed in experiments with decyl, 
dodecyl, tetradecyl, and hexadecyl sulfates. The slopes of the lines at one 
protein concentration, 0.05%, are presented in Table I. The results in- 
dicate that the solubilizing power increases markedly with carbon chain 


length just as is the case with detergents above the critical micelle con- 
centration. 
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A thorough study of this phenomenon is in progress, and it is planned 
to describe the properties of the detergent-protein complex in these sys- 
tems in greater detail at a later date. 
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BOOK REVIEWS 


Precipitation from Homogeneous Solution. By Louis Gorpon, Murrett L. 
Sanursky, AND Hosart H. Witiarp. John Wiley & Sons, Inc., New York, 1959. 
187 pp. Price $7.50. 


A successful attempt is made to combine information from widely scattered sources 
into a small, well-organized volume which concerns itself exclusively with precipita- 
tion from homogeneous solution. The purpose of the book is to promote the wide- 
spread use of homogeneous precipitation methods, and in so doing, it continuously 
emphasizes the advantages of this method over those of ordinary mixing of solutions. 
The book does not discuss, nor does it claim to discuss, any homogeneous nucleation 
studies (although one brief reference is made to La Mer and Dinegar’s preparation 
of monodisperse sulfur sols). It is a good book for quantitative separations of slightly 
soluble salts by the method of homogeneous precipitation. Enough experimental de- 
tails are given so as to enable the reader to carry out many procedures without re- 
course to further reading. The discussions of results from the various procedures are 
good, and there are over 250 references to homogeneous precipitation work. However, 
as one might expect from the size and scope of the book, not all methods for generating 
the various anions are mentioned. 

GrEorGE R. Wetss, New York, New York 


An Introduction to the Chemistry of Fats and Fatty Acids. By F. D. GunsTonE 
with a foreword by Prof. T. P. Hiuprtcu. Published by John Wiley and Sons, Ince., 
New York, 1958. 155 pp. Price: $6.00 


Parts of this small book will have little to offer the physical chemist, but other 
sections on the preparation, purification, and chemical and physical properties of the 
fatty acids will give him much useful data in a concise form. The subjects discussed 
are: the fatty acids, the chemical nature of fats, the physical and chemical properties 
of fats and fatty acids, the synthesis and utilization of fats in living organisms, and 
the chief technical applications of fats. Within this range the coverage is quite thor- 
ough and includes some information not available in older texts. Numerous tables 
are given. The presentation is particularly clear although limitations of space occa- 
sionally make the treatment too general, and physical phenomena are discussed at a 
level suited to the nonphysical chemist. An objection must be made to the practice of 
giving many references by author and year only. A bibliography of the more impor- 
tant texts and reviews would be useful and also appropriate to an introductory text. 
The book is exceptionally well written and can be recommended to anyone interested 
in the fats or fatty acids. 


G. T. BARNES 
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ABSTRACT 


The hydration of tricalcium silicate, Ca;SiO;, in a small steel ball mill at room 
temperature was investigated. The stoichiometry of the reaction is represented by 


2Ca;Si0; + 6H2O0 => Ca38i207:3H20 + 3Ca(OH),. 


The initial products of the reaction are calcium hydroxide (both crystalline and 
amorphous) and a calcium silicate hydrate, designated as “‘hydrate III.” The latter 
shows marked similarities to the calcium silicate hydrate, tobermorite, produced 
by other methods of hydration of Ca;SiO;. The similarities include CaO/SiO: ratio, 
specific surface area, water content, heat of solution, heat of hydration, and surface 


energy (enthalpy). 

Hydrate III differs from tobermorite in that it is unstable; it slowly converts to 
another calcium silicate hydrate, afwillite. The chemical formula of afwillite is 
Ca;Si.07-3H.0, the same as that of hydrate III and tobermorite, but afwillite has 
a different crystal structure, and it is a well-crystallized substance. Hydrate III 
appears to be a form of tobermorite with a structure so disordered that it exhibits 
only a single X-ray diffraction line, that corresponding to the strongest line of tober- 


morite. ° 
The kinetics of the hydration reaction and of the conversion of hydrate III to 


afwillite were examined. A possible mechanism for the former was proposed. 


INTRODUCTION 


The hydration of tricalcium silicate, CasSi0Os, under a variety of condi- 
tions has been studied extensively during the past few years. The interest 
in this compound is due mainly to its importance as a major constituent of 
portland cement. 

When Ca,SiO; is hydrated at room temperature with a limited amount 
of water in an undisturbed system, that is, as a “paste,” it stiffens and 
hardens as does portland cement. The products of the hydration are cal- 
cium hydroxide and a calcium silicate hydrate which has been identified 
as a tobermorite (1, 2). When Ca;SiOs is hydrated in an excess of water 
(9/1 liquid to solid ratio by weight) in an agitated system, the same prod- 
ucts result. However, when a mixture of the same composition is subjected 
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TABLE I 
Composition of the Ball-Mill Preparations 
: ‘meal Ci:sios | % Atwillite | % Hydrate % Ca(OH)s | % Ca(OH)s | % Ca(OH)» 

Batch Pall sill Tee 38K ; “(X-ray) MT et (calculated) | (chemical) (X-ray) 
D-30 | 4h (C)™ 71.9 0.0 16.1 10.0 10.9 

D-41 4h (C) 57.2 0.0 25.1 16.1 16.0 

D-38 | 8h (C) 30nd 10.6 27.2 25.0 22.1 
D327 NWesbi(C) DOO, 222 21.6 28.4 28.2 
D-29 /|16h (I)™ 28.6 17.0 26.0 26.4 

D-31 |16h (C) 6.0 26.8 29.2 35.7 30.6 
D-33 |48h (C) 0.0 37.0 2222 38.1 33.9 
ID) |i “eel () 0.0 43.7 16.2 37.3 Biel 31.4 
D-26 | 8d (I) 0.0 39.6 20.5 37.6 38.0 32.3 
D-45 |25d (1) 0.0 51.8 7.9 SYfall Sided, 34.3 
D-62 |25d (I) 0.0 59.40) 0.0 37.7 34.3 
D-57 |44d (I) 0.0 60.0 0.0 37.0 30.2 
F-34 [35d (1) — 80.9 0.0 16.7 13.2 


(2) (C) designates continuous, (I) intermittent grinding. 
(>) Apparent complete conversion to afwillite. Figure given is the theoretical 
amount. 


to grinding action in a small steel ball mill, the end products of the reaction 
are calcium hydroxide and a different calcium silicate hydrate, afwillite 
(3). 

The stoichiometry of any of these reactions may be expressed by the 
equation 


2CazSiOs + 6H.O = Ca38i207:3H.O + 3Ca(OH). [1] 


The chemical formulas of afwillite and of the tobermorite produced in the 
hydration of Ca3SiO; are the same, but their crystal structures are different. 
It is interesting to note that the hydration of 6-dicalcium silicate (8-Ca.SiOu, 
another important constituent of portland cement) produces calcium 
hydroxide and tobermorite, regardless of which of the three methods of 
hydration is used (2). 

An earlier paper (3) dealt primarily with the stoichiometry of the hy- 
dration of CasSiO; in the ball mill. The present paper describes an in- 
vestigation of the energetics and kinetics of this system. 


EXPERIMENTAL 


Preparation of Materials 


The Ca3SiOs was from the same batch used by the present authors in a 
previous investigation (4). Hydration was carried out in a room kept at 
24° + 1°C. The H.O/Ca;SiO; weight ratio was 9.0. The same steel ball 
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mills were used that were described in the earlier ball-mill hydration study 
(3). Some batches were prepared with continuous grinding (C), others 
were ground intermittently (I), as in the earlier work. Intermittent grinding 
was employed to avoid too much contamination by iron, rubbed off the 
steel balls. It is difficult to determine iron in its different stages of oxidation 
and, because of the very high heat of solution of free iron, a slight error 
in analysis leads to considerable error in the heat of solution. 

The ball-milling times of the preparations (batches) are given in Table 
I, column 2. The intermittent grinding schedule consisted of continuous 
grinding for the first hour, then grinding for 15 min. of each subsequent 
hour. The only exception is Batch D-29, which was continuously ground 
for the first 30 min., then ground for 15 min. of each subsequent hour. 
Batch D-62, after the ball-milling period shown in the table, was subjected 
to further agitation in a polyethylene bottle for four weeks. 

One preparation, designated as F-34, was made by the reaction of calcium 
hydroxide with Mallinckrodt’s Standard Luminescent Grade Silicic Acid 
in the ball mill. The Ca(OH). was prepared from freshly ignited CaO, 
which in turn was prepared from Fisher’s Certified Reagent Grade Calcium 
Carbonate, low in alkali. The molar CaO/SiO2 ratio of the preparation 
was 2.0. 

At the end of the reaction period, the mills were placed in a controlled- 
atmosphere cabinet containing CO,--free air, and their contents were trans- 
ferred to plastic containers. The slurries were quickly frozen and then 
placed in the vacuum drying apparatus described by Copeland and Hayes 
(5). After removal of most of the water, each sample was thoroughly 
homogenized and then dried at a vapor pressure of 5 X 10-* mm. of Hg 
(the vapor pressure of ice at —78°C.). Batch D-32 thawed in the course of 
drying, probably because of a clogged dry ice trap. A comparison with 
D-38 showed that in the thawed batch further hydration had taken place. 


Chemical and X-Ray Analyses 


Chemical analyses were performed and compositions calculated ac- 
cording to methods given in earlier papers (6, 7). The free calcium hy- 
droxide was determined by two modifications of the Franke method: 
the multiple-extraction method (8), in which repeated extractions are 
performed on the same sample, and the solvent-variation method (9), 
in which equal weights of different samples are extracted with different 
amounts of solvent. In either method, an extrapolation is made to correct 
for the CaO extracted from the calcium silicate hydrate. 

X-ray quantitative analyses were performed by the method of Copeland 
and Bragg (10), described earlier (2). The 2.38 A. line of Mg(OH)> was 
used as the internal standard; the amount of Ca(OH)2 was determined by 
its 2.63 A. line, Ca,SiO; by its 2.20 A. line, and afwillite by its 2.73, 2.83, 
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and 3.18 A. lines. In the last case, the results obtained from the three lines 
were averaged. 


Other Measurements 


Heats of solution were determined as described before (4, 11). Three 
sample weights were used: 0.7, 1.0, and 1.3 g. The calorimeter acid was a 
mixture of 8 ml. of 49.4% H.Fs, with sufficient 2N HNO; added to make 
the total weight 420 g. 

Surface areas were measured by the B.E.T. method, using water vapor 
and nitrogen as adsorbates. Water vapor adsorption was measured gravi- 
metrically at 25°C. and nitrogen adsorption volumetrically at —195.8°C. 


RESULTS AND DISCUSSION 
Compositions of the Preparations 


1. The compositions of the preparations are given in Table I. Only the 
amounts of the principal components are shown. Each preparation con- 
tained, in addition, some calcium carbonate, tricalcium aluminate hydrate, 
magnesium hydroxide, sodium sulfate, and iron in various stages of oxida- 
tion. The total amount of these impurities was about 2%. Each impurity 
in each preparation was determined quantitatively by methods reported 
before (7). 

The amounts of Ca;SiOs, afwillite, and Ca(OH)s, determined by X-ray 
quantitative analysis, are shown in columns 3, 4, and 8 of Table I, respec- 
tively. From the amount of Ca;SiO;, one can calculate the potential 
amounts of afwillite and calcium hydroxide in each preparation by means 
of Eq. [1]. In general, X-ray analysis gave lower than the calculated values 
for both compounds. 

2. The shortest reaction period used was 4 hr. Two batches, D-30 and 
D-41, were hydrated for this period. Although in one case 25% and in 
the other 38% of the original Ca;SiO; had disappeared, neither batch 
contained afwillite. A batch hydrated 8 hr. (D-38) did contain some 
afwillite, but much less than would be predicted from the amount of 
Ca;SiO; that had reacted. After 48 hr. of hydration, all the Ca3SiOs had 
reacted (D-33), but still the afwillite content was lower than that expected 
on the basis of Ca3SiO; reaction. Batches of longer reaction periods con- 
tained progressively higher amounts of afwillite, tending toward the 
maximum amount predicted from the stoichiometry, but only after 25 
days in the ball mill (D-62) did the afwillite content attain this value. 

These results demonstrate that the hydration of Ca;SiO; in the ball 
mill does not yield afwillite directly. An intermediate substance is formed 
first, which converts to afwillite relatively slowly. Since this intermediate 
calcium silicate hydrate has only one very broad X-ray diffraction line, 
at about 3 A., it is not like the tobermorite obtained by the other modes 
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of hydration of Ca,SiO;. Hence, to distinguish it from both afwillite and 
tobermorite, it is called here “hydrate III.” 

3. In order to get quantitative values for the afwillite contents, it was 
first necessary to obtain a preparation in which all the hydrate III had 
converted to afwillite. Under these conditions, the afwillite content is 
calculable from the stoichiometry by Eq. [1]. Three such batches were 
prepared, the last three shown in Table I. It was assumed that D-62 con- 
tained the stoichiometric amount of afwillite, 59.4%, and the calibration 
constants for the three afwillite diffraction lines used in the X-ray analysis 
were calculated on the basis of this assumption. With the use of these 
calibration constants, the afwillite contents of D-57 and F-34 were found 
to be 60.0% and 80.9 %, respectively, as compared with the stoichiometric 
values of 60.1% and 80.6%. The agreement is especially impressive if 
one considers the differences in the methods of preparation of the three 
batches, described before. 

The broad diffraction line at 3 A., corresponding to hydrate III, did 
not appear in the X-ray diagrams of Batches D-57, D-62, and F-34. This 
in itself is not an adequate criterion because the line is so weak that a 
few per cent of hydrate III could be easily missed. However, the excellent 
internal consistency of the afwillite data leads to the clear conclusion 
that the three batches contained no hydrate III. The afwillite contents 
of all other batches were determined by using the calibration constants 
obtained for D-62. The values are given in Table I, column 4. 

4. The hydrate III contents of the preparations were calculated as 
follows. All silica not in Ca,SiO; and afwillite was taken to be in hydrate 
IiI. The CaO/SiO, ratio in hydrate III was 1.5, as will be shown. The 
water content of hydrate [iI was the difference between the total water 
content of the dried batch and the water contents of the other constituents 
of that batch. This point will also be discussed later. The calculated hydrate 
III percentages are given in Table I, column 5. 

5. The Ca(OH): contents of the preparations were calculated by sub- 
tracting the CaO contents of all the other constituents from the total 
CaO content of the preparation. These values are given in Table I, column 
6. The Ca(OH), values obtained by X-ray analysis are shown in column 
8. It will be noted that the X-ray values are smaller than the calculated 
values for all preparations except one (D-32). 

The difference between the calculated Ca(OH). and that determined 
by X-rays is caused by the presence of some amorphous Ca(OH): in the 
preparations. Amorphous Ca(OH)» was reported in an earlier paper (2) 
for preparations in which the calcium silicate hydrate was tobermorite. 
The evidence cited there was strong but not incontrovertible, for two 
reasons. In the first place, tobermorites have a variable CaO/SiO: ratio; 
consequently, the possibility existed that the missing Ca(OH). was actually 
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part of the tobermorite. In the second place, the tobermorite had a very 
large specific surface, of the order of 300 m.?/g.; consequently, the pos- 
sibility existed that the missing Ca(OH). was adsorbed on its surface. 

The evidence for the existence of amorphous Ca(OH)> in the present 
work, at least for three preparations, is incontrovertible. In D-62, D-57, 
and F-34 the calcium silicate hydrate is solely afwillite, which has a definite 
molar CaO/SiO, ratio of 1.5. The missing Ca(OH)s, therefore, could not 
be a part of afwillite. In addition, afwillite has a surface of the order of 
15 m2/g.; this is an order of magnitude smaller than that needed for the 
adsorption of the missing Ca(OH):. It appears, therefore, that in the 
above three-preparations 10% to 20% of the Ca(OH): was amorphous. 

Batch D-32 had no amorphous Ca(OH). within experimental error, 
as a comparison of columns 6 and 8 of Table I shows. It was pointed out 
in the experimental part that the drying of this batch was different from 
those of the others. In the earlier work (2), there was also one preparation, 
D-35, that had no amorphous Ca(OH). 


Hydrate ITT 


1. If the molar CaO/SiO, ratio in hydrate III is assumed to be 1.5, as in 
afwillite and tobermorite, the Ca(OH). contents of the preparations can 
be calculated as previously described in this paper. Because of amorphous 
Ca(OH)>, the X-ray values do not check the calculated values; however, 
chemical analysis gives very good agreement with the calculated values, 
as a comparison of columns 6 and 7 of Table I shows. The conclusion from 
this is that the molar CaO/SiOz ratio in hydrate III is 1.5. 

2. The water content of hydrate III varied from batch to batch, as 
shown in Table II, column 2. In the calculation, allowance was made for 
excess water associated with Ca(OH). and afwillite. 

It was found in a previous investigation that calcium hydroxide, dried 
under the conditions used here, retained a monolayer of adsorbed water 
(12). It was assumed that this was also true of the calcium hydroxide 
produced by the ball-mill hydration of Ca;Si0;. The specific surface area 
of D-62, which contained no hydrate III, was 16 m.?/g. X-ray line broaden- 
ing experiments indicated that the specific surface areas of Ca(OH). and 
afwillite were approximately equal in this preparation, as well as in several 
other preparations investigated. On this basis, the specific surface areas 
of Ca(OH). and afwillite were taken to be 16 m.?/g. in all preparations. A 
monolayer of water adsorbed on the surface of Ca(OH), corresponds to 
0.0047 g./g. when the area of the water molecules is taken to be 10.3 A? 
(12). 

The water contents of preparations D-62 and F-34 were such that when 
allowance for Ca(OH): was made, there remained 0.0176 g. excess HO 
per gram of afwillite. This amount is far in excess of that equivalent to a 
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TABLE II 


Water Contents, Surface Areas, and Heats of Solution of Hydrate III (H3) 
a a a A A re i, arene 


P 3 
pats es aed. w; ie: H3) | A; Guaye: H3) i Ho all Aha (alle 
D-30 1.02 0.00237 (2) 288 .3 (2) 486 .8(2) 478 .8(4) 487 .8(4) 
D-41 1.28 0.03067 (3) 421 .5(2) 481 .9(3) 483 .6(3) 486 .8(3) 
D-38 1.08 0.00852 (4) 300.1 (2) 469 .6(4) 465.6(5) 474.7(4) 
D-29 1.91 0.10122(4) 379 .0(2) 449 .2(3) 446 .6(2) 447 .8(2) 
D-32 1.42 0.04624 (4) 339 .9 (2) 454.1(4) 462 .2(5) 465.1(4) 
D-31 1.42 0.04603 (4) 271.7(4) 460.2(4) 451.4(5) 457 .0(4) 
D-33 1.15 0.01665 (4) 289 .8(4) 481 .8(4) 475.7(6) 481.1(4) 
D-26 1.03 0.00357 (2) 326 .0(4) 491 .5(3) 487 .8(2) 491 .8(4) 
B27 1.05 0.00552 (4) 248 .6(4) 482 .4(2) 475.7(2) 478 .3(2) 
D-45 1.59 0.06566 (6) 134.3(4) 452.8(5) 433 .5(6) 429 .7(6) 


single monolayer adsorbed on the afwillite surface. This indicates that at 
least part of the water is dissolved in the afwillite. The afwillite in every 
batch was considered to have the same excess water content. 

None of the water contents shown in Table II, column 2, is less than 
1.0 mole per mole of SiO2, and in two cases only does the value exceed 
1.5 moles. This behavior is similar to that of the tobermorite produced 
in the hydration of Ca;Si0O; and B-Ca,SiO,. 

The water contents, w;, of hydrate III in the different preparations, 
in excess of 2 moles/mole of CazSiO7, are given in Table II, column 3. 
The values given in this column, as well as those given in columns 4 to 7 
of Table II, are averages, and the numbers in parentheses give the number 
of determinations averaged. 

3. The surface area of hydrate III in each preparation was obtained as 
the difference between the surface area of the preparation determined by 
water vapor adsorption, and the surface area contributions of the Ca(OH)» 
and afwillite present. The area of a water molecule adsorbed on hydrate 
III was taken to be 11.4 A.?, which is the value found for adsorption of 
water on tobermorite (2). The specific surface areas, A,;, thus obtained 
are shown in Table II, column 4. Hight of the ten values obtained for 
hydrate III are in the same range as those obtained for tobermorite, 
250 to 380 m.?/g. (2, 7). 

The specific surface area of afwillite, as was pointed out before, is an 
order of magnitude smaller than that of tobermorite or hydrate III. For 
D-62 and F-34, batches containing no hydrate III, the specific surface 
areas obtained by nitrogen and water vapor adsorption were the same. 
(The molecular area of nitrogen was taken to be 16.2, water 11.4 A.) For 
samples containing hydrate III, however, the nitrogen areas were always 
smaller than the water areas. The greater the hydrate III content, the 
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ereater was this difference. In this respect, too, hydrate III resembles 
tobermorite (2). 

4. The heat of solution of hydrate III in a given preparation was ob- 
tained by subtracting the heats of solution of the other constituents from 
the heat of solution of the preparation, then applying a nonadditivity 
correction. The heats of solution of all other constituents, except afwillite, 
were given in an earlier paper (7). The heats of solution of afwillite were 
obtained from Batch D-62, which contained no hydrate III. They were 
411.8, 414.8, and 414.7 cal./g. of afwillite for samples having weights of 
0.7, 1.0, and 1.3 g., respectively. 

The nature of the nonadditivity correction was discussed in an earlier 
paper (7). Because of the great similarity of the systems investigated in 
the earlier and the present work, in general, and because of the similarity 
of hydrate III to tobermorite, in particular, the same nonadditivity factor 
was adopted (X in Table VII, column 6, of earlier paper Cia. 

The average heats of solution of hydrate III in 0.7, 1.0, and 1.3 g. samples 
of the different preparations are given in Table IJ, columns 5, 6, and 7, 
respectively. 

5. All properties of hydrate III investigated show similarity to those of 
tobermorite. Hydrate III is a calcium silicate hydrate having a composition 
Ca;Si,O;-tH.O where x is not less than 2 and seldom greater than 3. 1hy 
shows only one X-ray diffraction line, but that has the same d spacing as 
the strongest line of tobermorite. Both hydrate II and tobermorite exist 
in the same state of subdivision, and both show smaller areas by nitrogen 
adsorption than by water adsorption. 

In the following section other, and more quantitative, data are given 
to bring out further similarities. Thus it appears that hydrate III is a 
highly disordered form of tobermorite, so disordered that its entire X-ray 
diffraction pattern is a single line. 


The Surface Energy and Heat of Hydration of Hydrate III 


1. The surface energy and other parameters were evaluated from the 
data by the same type of least squares analysis used in earlier work on 
silica (12) and on tobermorite (7). A system of equations was set up 


Jel + w jh = A 5€ = Jobe, [2] 


where Hj, is the mean heat of solution, in cal./g. of CasSigO7-2H.O of 
hydrate III in the j-th batch, having sample weight k; 
w; is the water content of hydrate III in the j-th batch in excess of 
the composition Ca3Si2O7-2H.0, in g./g. of CasSigO7-2H.O; 
his the average heat evolved, in cal./g. of water, when Ca3Si2O7;-2H.O 
reacts with water to form a hydrate III of higher water content; 
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A; is the average specific surface area of hydrate III in the j-th 
batch, in m.?/g. of Ca;Si,O,-2H.0; 
es is the average surface energy (or surface enthalpy) of hydrate 
III having composition Ca;Si,O,-2H,0, in cal./m.?; 

and 4H, is the heat of solution, in cal./g. of CasSi,O,-2H.O, of hydrate 
III having zero surface and zero water in excess of 2 moles per 
mole of hydrate III, for a sample of weight k. 

The values of w;, A;, and Hj, used in the least squares treatment are 
given in Table II, columns 3 to 7. The evaluated parameters, H;, h, and 
és, are given in Table III together with their standard errors. For com- 
parison, the corresponding values are given also for tobermorite, obtained 
in earlier work (reference 7, Table VII, columns 6 and 7). In every case, 
the hydrate III value is higher than the corresponding tobermorite value. 
Thus, in spite of the fact that the standard errors are such as to indicate 
that the corresponding values could be the same, it seems more likely 
that the differences are real. However, the differences are small enough to 
indicate marked similarities in the two sets of values. 

Even though hydrate III is quite similar to tobermorite, it differs sig- 
nificantly in at ieast two points: it is unstable, converting to afwillite, and 
it has only one X-ray line. 

Natural tobermorite and some of its synthetic varieties, especially 
those produced by hydrothermal means, are relatively well crystallized, 
showing many X-ray reflections (13). Tobermorites, prepared in this 
laboratory by the room temperature reaction of calcium hydroxide and 
silica, show 7 to 10 X-ray lines, including the basal reflection (unpublished). 
Tobermorites, prepared by paste or “bottle” hydration of CasSiOs or 
B-Ca.SiO, at room temperature, show only 3 X-ray lines, and the basal 
reflection is absent (2). 

The best crystallized tobermorites have two strong lines in the vicinity 
of 3 A. These lines fuse into one, which then becomes the strongest line 
in the 7- and 3-line tobermorites. Hydrate III, which can be looked upon as 
a 1-line tobermorite, has its only line at 3 A. 

It is possible that the lack of structure gives hydrate III its instability. 


TABLE III 
Surface Energy and Heat Values 


Heats of solution (cal./g. hydrate) ; ; 
is We Heat of hydration pane 


(cal./g. H20) (ergs/cm.?) 


0.7 g. samples 1.0 g. samples 1.3 g. samples 


Hydrate III | 455.6 + 6.6) 450.9 + 6.6] 455.3 + 6.6) 464.2 + 49.5 | 418 + 89 
Tobermorite | 450.9 + 1.1) 450.3 + 1.1) 451.5 + 1.1) 422.2 + 9.9 | 383 + 20 
Ne 


372 KANTRO, BRUNAUER, AND WEISE 


Just why, however, it converts to afwillite rather than to a better erystal- 
lized tobermorite, is not known at present. 


The Kinetics of the Hydration of Ca;SiO; in the Ball Mill 


7. If the reaction represented by Eq. [1] were a simple one, the rate of 
disappearance of CasSiOs would be equal to twice the rate of appearance 
of afwillite, expressed in moles per unit time. The reaction, however, is 
complex, and there is no simple relation between the two rates. Neverthe- 
less, it is possible to investigate the kinetics of the hydration, because 
hydrate III, the intermediate compound, is sufficiently stable for the 
determination of its amount at any stage of the reaction. Not only the 
amount but several important properties of the unstable intermediate 
could be determined quantitatively, as was shown before. 

Table IV, columns 8 to 6, gives the amounts of the main constituents 
in the different batches, expressed in moles per mole of initial Ca;Si10s. 
The preparation of each batch was described earlier in this paper. The 
meaning of “effective grinding time” (column 2) will be explained later. 

The last row of Table IV, called “theoretical maximum,” gives the 
maximum amount of each major constituent that can be present in the 
reaction system (either initially or at the end), expressed in moles per mole 
of initial CasSiO;. The values follow from the stoichiometry of the reaction, 
Kq. [1]. 

2. The rate of disappearance of Ca;SiO; will be first discussed. In Fig. 
1, the four full circles represent the amounts of CasSiOs left in Batches 
D-30, D-41, D-38, and D-31 after continuous grindings of 4, 4, 8, and 16 
hr., respectively. D-32, another preparation ground continuously for 8 


TABLE IV 
Molar Compositions of Ball-Mill Hydrates of CasSi0s 
1 Tite Hok and 3 4 5 6 

Batch ling time (irs.) | Ca8SiOs* Hydrate ITI* | —Afwillite* Ca(OH)2* 
D-30 4 0.763 0.120 | 0.000 0.327 
D-41 4 0.626 0.187 0.000 0.541 
D-38 8 0.404 0.217 0.081 0.881 
D-29 | 9.5 0.339 0.197 0.134 0.964 
D-31 16 0.075 0.244 0.222 1.366 
D-33 48 0.000 0.193 0.310 1.488 
D-27 / 98 0.000 0.140 0.360 1.493 
D-26 | Ste 0.000 0.176 .| 0.824 1.493 
D-45 351 0.000 0.066 0.488 1.472 

D-57 617 0.000 
Theoretical Maximum 1.000 0.500 0.500 1.500 


* Moles per mole of initial CasSiOs. 


BALL-MILL HYDRATION OF TRICALCIUM SILICATE 373 


) 


* Continuous grinding 


3Si05 


° Effective grinding 


9° 9° fe) 
ES O) @ 


°o 
Dw) 


Moles per Initial Mole of Ca 


(0) 4 8 12 16 20 24 28 32 
Time in Hours 


Fic. 1. Variation of Ca;8i0O; content with time. 


hr., thawed during drying, as described before; consequently, it gives no 
useful information about rates. D-33, ground continuously for 48 hours, 
contained no unhydrated Ca;SiOs. 

When Ca;SiO; is hydrated at room temperature in paste form or in a 
bottle rotated on a wheel, months are required to achieve complete hy- 
dration (2). Hence, the rapid hydration in the ball mill is probably caused 
by grinding. This suggests the following mechanism. Upon contact with 
water, the surface of Ca;SiO; immediately reacts, forming a hydrate which 
coats the Ca3SiO; substrate. As long as this coating remains undisturbed, 
hydration of the substrate can occur only as the various species involved 
diffuse through this coating. The over-all rate of hydration would be slow 
because of its diffusion-controlled nature. However, if, through grinding 
action, the coating were continually being removed, leaving fresh CazSiOs 
surface, hydration could proceed more rapidly. 

If the rate of surface reaction were rapid relative to the surface-exposing 
process, then the over-all rate of disappearance of CasSiOs would depend 
upon grinding factors and available surface area. The grinding coefficient, 
c, would include such terms as the average number of times a unit surface 
was struck by the steel balls in unit time, and the average amount of 
material removed per blow. The available area, A, is the area contacted by 
the steel balls. It does not include whatever internal area the particle may 
have, or even external roughness on a molecular scale. The rate of removal 
of the coating would then be given by 


__d(coating ) nigty i [3] 
dt 
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The variable area is taken to be proportional to V?/%, where V is the 
volume of Ca;SiOs. This may not be strictly true, but it is a fair approxi- 
mation, as the results show. 

Let (Ca;S8iO;) be the amount of unreacted Ca;SiOs in the system (ex- 
pressed in moles per mole of initial Ca;SiOs). It follows that 


__d(Ca,$i0s) 


- = CCasOe) [4] 


because the rate of disappearance of Ca;SiO; was assumed to be equal to 
the rate of removal of the coating, and because the area was assumed to 
be proportional to the 24 power of the volume, hence also the weight of 
Ca;S$i0;. The constant k, includes c, the grinding coefficient. Since (CasSi0s) 
— 1 whent = 0, the integrated form of Eq. [4] is 

_ 3 [1 — (Ca,8i0s)”"] 


k ie F 5 [5] 


The values for ki, calculated from Batches D-30, D-41, D-38, and D-31, 
are 0.065, 0.109, 0.098, and 0.109 hr.—!, respectively. Thus, ; is constant 
within the experimental error. 

Using the average value of 0.095 hr.—, one obtains the curve shown in 
Fig. 1. According to Eq. [5], the time required for complete disappearance 
of Ca;S8iO; is 31.5 hr. This is in agreement with the experimental obser- 
vation that Ca;SiO; disappears completely at some time between 16 and 
48 hr. 

3. The agreement between calculated and observed Ca(OH)» contents 
(Table I, columns 6 and 7) was discussed before. This agreement implies 
that the stoichiometric amounts of hydrate III (H3) and Ca(OH): are 
liberated as fast as Ca;SiO; disappears. Thus 


ae Hv (CCRSIOO [6] 
and 
Se = le(CasSi0s)™. (7] 


It follows from Eq. [1] that kg = 144k; and ke = 36k. 

4. Figure 2 represents the variation of hydrate III and afwillite contents 
with time. The time scale used is not the time spent in the ball mill (Table 
I, column 2) but the “effective grinding time” (Table IV, column 2). Some 
batches were ground continuously, others intermittently—and the latter 
hydrated both during the grinding period and the standing period. To 
bring the intermittent batches to the same time scale as the continuous 
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Fie. 2. Variation of afwillite and hydrate III contents with time. 


batches, the effective grinding time was defined as the time of continuous 
erinding required to produce the same extent of reaction as was obtained 
by intermittent grinding. The calculation was made as follows. 

It was assumed that during the standing periods the same processes 
occurred at slower rates but in the same ratios to one another as during 
the grinding periods. Batch D-29 was adopted as the standard, and its 
effective grinding time was taken from Fig. 1. The CasSiOs content of this 
batch is represented by the open circle in the figure, and the time cor- 
responding to the Ca;SiO; content is 9.5 hr. The intermittent grinding 
time was 16 hours, of which 4.25 hr. were actual grinding time, and 11.75 
hr. were standing time. This standing time, therefore, on the basis of 
Ca;8iO; content, was equivalent to 5.25 hr. of grinding time. The equiva- 
lence of 1 hr. standing time to 0.447 hr. of grinding time was adopted for 
each batch. 

§. In the initial stages, hydrate III forms faster than it disappears, but 
after (Ca3SiOs) diminishes to a small value, the situation reverses itself. 
Thus the hydrate III curve in Fig. 2 passes through a maximum. 

The conversion of hydrate III to afwillite does not begin immediately 
upon the appearance of the former in the reaction system. Batches D-30 
and D-41, both hydrated for 4 hr., contained no afwillite. Extrapolation 
of the afwillite curve in Fig. 2 indicates an induction period of about 6 hr. 
The presence of the induction period probably indicates an autocatalytic 
mechanism, i.e., a rate dependent on the concentrations of both afwillite 


and hydrate III. 
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ABSTRACT 


The stress-relaxation of polytrifluorochloroethylene was measured by the tor- 
sional method in the temperature range between 6° and 80°C., under small values of 
strain (maximum 0.5%). 

It was found that Ferry’s reduction method is perfectly valid for the viscoelasticity 
of this crystalline polymer under these experimental conditions. 

Although the resultant relaxation-time spectrum, extending from 10-* to 10?5 
seconds, has a flat shape and high values reflecting the common features of crystalline 
polymers, it has a distinct maximum at about 10!8 seconds. 


I. INTRODUCTION 


The simple time-temperature superposition principle of viscoelasticity 
has been believed to be appropriate only for amorphous polymers (1). The 
authors, however, have shown in their previous papers its applicability also 
to certain kinds of crystalline polymers, namely, nylon 6 (2) and polytetra- 
fluoroethylene (3). 

In this paper, they will report on the results of stress-relaxation measure- 
ments on polytrifluorochloroethylene and discuss the possibility of ap- 
plying the simple superposition method to this crystalline polymer. 


Il. ExprrRiMENTAL Merruop 


The relaxation of torsional stresses of polytrifluorochloroethylene was 
measured using a small column cut from a Kel-F plate of uniform thickness. 
The specimen was 60.0 mm. in length and had a right square cross section 
of 1.4 X 1.4 mm. 

The apparatus is shown schematically in Fig. 1. Here, the specimen A 
is held between two chucks B and C. The upper chuck B is fixed to a long 
metal rod D, which is suspended by a piano string H. The upper end of 
this piano string is connected to the fixed chuck F. The torsional strain is 
applied to the specimen A by rotating the lower chuck C. The torsional 
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Fria. 1. Schematic diagram of the apparatus. 


stress of the specimen is in equilibrium with that of the suspending piano 
string. The diameter and the length of the piano string E are so selected as 
to give enough strength in comparison with that of the specimen that the 
torsional strain of the specimen is kept nearly constant during the course 
of the measurement. The relaxation of torsional stress is thus converted 
into the change of rotational displacement of the rod D, and recorded on the 
photographic paper J running automatically behind the narrow horizontal 
slit J, by using the mirror G and the lamp H. 

The whole specimen is dipped into the thermostat K. The temperature 
fluctuation of this bath was less than 0.1°C. at an arbitrary temperature. 
The measurements were carried out over the temperature range between 
6° and 80°C., from 6 seconds to 5 hours. 

The maximum strain at the ridge of the specimen was always less than 
0.5% and before each measurement the specimen was kept at constant 
temperature more than 18 hours in an unstrained state to insure thermal 
equilibrium. The procedures of measurement were nearly the same as those 
reported in the previous paper (3). 


III. Resuuts 


To ascertain the reproducibility and linearity of the viscoelastic re- 
sponses, the relaxation measurements were repeated several times with the 
same specimen under strains of various values. The results were quite re- 
producible, and the viscoelasticity was found to be perfectly linear under 
this range of temperature, strain, and treatments. Such reproducibility 
and linearity show that there occurs no irreversible change in the micro- 
scopic structure of the specimen such as change of crystallinity or molecular 
orientation under these experimental conditions. 

The stress-relaxation curves measured at different temperatures are 
shown in Fig. 2. By a simple time-temperature superposition (or so-called 
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Fig. 2. Stress relaxation curves of polytrifluorochloroethylene at various tem- 
peratures. 
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Fic. 3. Stress relaxation master curve of polytrifluorochloroethylene reduced to 
20°C. Key to temperatures: upward pip, 6.0°C.; successive 45° rotation clockwise 
correspond to increasing temperatures at approximately 5° or 10° intervals. 
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Fra. 5. Relation between the apparent activation energy AH! and temperature. 


Ferry’s reduction method (4)), these relaxation curves can be made to 
overlap one another quite well, giving the so-called relaxation master curve 
shown in Fig. 3. 

In Fig. 4, the reduction factors a7 are plotted against 1/7. Differentiation 
of this curve gives the relation between the so-called apparent activation 
energy AH?’ and the temperature. The result of this calculation is shown 


in Fig. 5. 
IV. Discussion 


As is seen in Fig. 3, the application of Ferry’s reduction method gives a 
fine master curve. All points lie accurately on this master curve, and almost 


VISCOELASTIC PROPERTIES OF CRYSTALLINE POLYMERS. II 381 


all parts of this curve are composed of two or three componential relaxation 
curves. The indisputable conclusion is that Ferry’s reduction method is 
appropriate for this crystalline polymer. 

In this procedure, however, the master curve is derived without the use 
of the correction term of T/T» in Ferry’s equation [4] (4), where T is the 
temperature of the relaxation measurement, and T> is the reference temper- 
ature used for the reduction. It is reasonable to omit this temperature cor- 
rection term in the case of crystalline polymers, because it is introduced 
from the entropy elasticity, which may have less contribution to the 
elasticity of crystalline polymers. This omission, however, matters little, 
for the correction is nearly equal to unity over the entire temperature range 
of measurements. 

It is well known that Tobolsky and his co-workers paved the way in the 
study of rheological properties of crystalline polymers. In 1955, they re- 
ported on the measurements of the stress-relaxation of polytrifluorochloro- 
ethylene (5). They pointed out that the simple time-temperature super- 
position (or Ferry’s reduction method) that holds properly for amorphous 
polymers in the transition region is not valid for polycrystalline polymers. 
The temperature range of their measurements was between 30° and 193°C. 
As is mentioned in their paper, such a range surely includes the temper- 
ature where some changes in microcrystalline structure take place, which 
will also cause some important vertical shift of relaxation curves along the 
log E axis. Such vertical displacement introduced by the change of internal 
structure was clearly observed by the rheological properties of nylon 6 (2). 

According to the measurement of the effect of heat treatment on poly- 
trifluorochloroethylene (6), this polymer is found to show a marked ir- 
reversible increase in its crystallinity in 1 hour over 100°C. Some of Tobol- 
sky’s measurements were made in this range, and as stated by him, the 
time-temperature superposition principle is not applicable here. The com- 
plications introduced by a gradual change in crystallinity were even more 
strikingly shown for the case of natural rubber at —25°C. (1). 

Comparison of the experimental results obtained by Tobolsky eé al. with 
those of the authors, shows that the inapplicability of Ferry’s method does 
not stem from the fact that the polymer is semicrystalline, but from the 
change of its crystallinity during the relaxation measurement. In this 
sense, it may be concluded that the rheological data for crystalline polymers 
under appropriate experimental conditions can be treated similarly to those 
for amorphous polymers. Thus it becomes an important task to seek ex- 
perimental conditions where the simple time-temperature superposition 
method is appropriate for crystalline polymers. As is stated above, the time- 
temperature superposition principle can be applied to the relaxation data 
of polytrifluorochloroethylene, at least under the smallest values of strain 
and within the temperature range between 6° and 80°C. Since this temper- 
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Fig. 6. Relaxation-time spectrum of polytrifluorochloroethylene at 20°C. 


5 


Log E’ (log T) (dyne Som?) 
ra) 


-10 =5 {e) 5 10 15 20 25 
Log t (sec) 


Fig. 7. Relaxation-time spectrum of polytrifluorochloroethylene, with those of 
several other polymers. 


ature range was restricted only by the range of the thermostat, it has no 
definite meaning. The actual range of availability of Ferry’s reduction 
method for this polymer may be wider. 

Using the first-order approximation method (7) on the master curve 
shown in Fig. 3, the relaxation-time spectrum of polytrifluorochloroethylene 
at 20°C. is obtained. This spectrum, shown in Fig. 6, extends from 10° 
to 10” seconds, with its distinct maximum at nearly 10° seconds. Perhaps 
it will have another weak broad maximum at the shorter part of the time 
scale. These peaks are thought to correspond with the maxima of the 
temperature dispersion of the mechanical loss factor (8) at 104° and 0°C., 
respectively. But because of the insufficiency of related data, it is unjusti- 
fied to refer to their correlation with molecular mechanisms, and the de- 
tailed discussion of this relation will be left for another occasion. 

Figure 7 shows the comparison of relaxation-time spectra of several 
polymers in the usual scales of axes, instead of G’ vs. log 7 used in Fig. 6. 
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The square in the figure indicates the region where almost all relaxation- 
time spectra of filamentous (or crystalline) materials fall (9). As the tor- 
sional method was used in this experiment, the resultant data are for the 
relaxation of shear modulus G. For convenient comparison with other poly- 
mers, this is converted into the relaxation of Young’s modulus FH using the 
simple assumption that H = 3G. As is seen in Fig. 7, the relaxation-time 
spectrum of polytrifluorochloroethylene is flat and has high values all over 
the measured range of time scale, in contrast with amorphous polymers 
represented by polyisobutylene (10). Such a flat shape and high values are 
common to other crystalline polymers (1, 2), and they must originate from 
the restriction of chain mobility in polycrystalline structures. 

Besides these characteristic features of crystalline polymers, there are 
seen some differences in the character of viscoelasticity in the case of this 
polymer. In Fig. 5, the apparent energy of activation increases with the 
increase of temperature, and accordingly the temperature dependency of 
the reduction factor a7 can not be expressed by the so-called WLF equa- 
tion (11). This is a strange phenomenon, for which the authors are unable 
to give any reasons at present. 


V. SUMMARY 


The authors have found the simple time-temperature superposition 
method to be valid for the viscoelasticity of polytrifluorochloroethylene, 
if measured under the smallest values of strain and within the temperature 
range between 6° and 80°C. The resultant relaxation-time spectrum of 
this polymer at 20°C. has a distinct maximum at the point near 10** sec- 
onds. It is also supposed that it has another weak broad maximum at the 
shorter range of time scale. Along with the relaxation-time spectra of nylon 
6 and polytetrafluoroethylene reported in previous papers, it can be con- 
cluded that the flat shape and high values of the relaxation time spectrum 
are common features of the crystalline polymers, and are thought to arise 
from the restriction of chain mobility in polycrystalline systems. 

In addition to this conclusion, it has been clarified that Ferry’s reduction 
method has fairly wide applicability for crystalline polymers. The necessary 
conditions of such applicability are (a) smaller values of strain as compared 
with amorphous polymers, (b) a temperature range where no structural 
change occurs, and (c) good conditioning of the specimen. 


The authors are indebted to all the members of the rheologists’ group in this 
university for their instructive discussions throughout the course of this in- 


vestigation. 
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I. Inrropucrion! 


It is well known that a correct measurement of the static surface ten 
sion of a solution, that is, the tension of a surface in thermodynamical 
equilibrium with the bulk, requires that: 

1. Sufficient time be allowed for the attamment of the adsorption 
equilibrium. 

2. The solution must be under conditions such that equilibrium be- 
tween the gas phase and the solution is attained, so that evaporation 
cannot occur. Unless this condition is satisfied it is probable that with a 
volatile solute, surface tension values higher than the equilibrium values 
would be obtained.” 

In general, the possibility of errors due to evaporation have been con- 
sidered by other authors. These errors would probably be eliminated, for 
instance, by the use of the Harkins and Jordan apparatus (9). However, 
by reason of their convenience, other experimental devices have been fre- 
quently used which have allowed, as it will be shown further, more im- 
portant errors than would be reasonably supposed. 

The experimental data about surface tensions of the aqueous solutions 
of heavy alcohols seem to have been particularly influenced by these 
errors (1, 4-8). The present work shows how better results can be obtained 
by using a very simple modification of the ordinary du Noiiy ring ten- 
siometer. 

On the other hand, the pendent drop method is shown to be very sus- 


1 The subject has been recently treated by the author in a paper published in 
French in the Bull. soc. chim. Belges 66, 476 (1957). That paper has now been trans- 
lated, revised, and completed for the present publication. 

2 A similar evaporation phenomenon creates tears on the walls of a glass contain- 
ing a strongly alcoholic liquor. Merigoux (2) reminds us that this phenomenon is 
known by the name of ‘James Thomson’s pearls” or by the name of “‘vin capi- 
teux des Hébreux”. Solomon said therefore: ‘‘Do not drink wine if it is red and if it 
comes up by itself in the cup”’ (3). 
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ceptible to these errors, and it has been used in the present work to ex- 
plain the origin of the minimum observed by Ward and Ottman (1) in 
the time curves of the surface tension of drops and to interpret the “bag 
effect”? of Addison (4). 


Il. PuriricaTion oF CHEMICALS USED AND PHYSICAL 
CoNSTANTS 


A. Alcohols 
The refractive indexes (n>’) of the alcohols used are given below: 


il II III 


-4180 1.4179 
4223 1.421 
4113 1.411 1.4126 


Normal hexyl alcohol 
Isohexy] alcohol® 
1-Methy! pentanol? 
1-Dimethy] butanol 
Normal heptyl alcohol? 
Dipropyl carbinol 


.4246 1.425 1.4241 
.4201 1.421 1.4205 


Ree RR i 
in 
bo 
pat 
ie) 


Ethyl butyl carbinol? 1.4206 

Normal octyl alcohol .4291 1.430 1.4292 
Methyl hexyl carbinol® 4259 1.4260 
2-Ethyl hexanol® 4313 

Normal nonyl alcohol 4339 1.4338 1.4835 
3,5,5-Trimethyl hexanol? 4322 

Normal decyl! alcohol .4369 1.4368 


I: Our values. 
II: ‘‘International Critical Tables.’’ 
III: ‘‘“Handbook of Chemistry and Physics’? (C. D. Hodgman). 


Although samples of some of these alcohols were obtained from different 
sources and had slightly different refractive indexes, the surface tensions 
of their aqueous solutions at any given concentration were the same. 


B. Acids 


We used capric acid obtained from the “Institut Pasteur” in Paris, 
where it had been purified by distillation; a sample (m.p. 31.2°C.) of it 
was kindly given to us by M. Dervichian. This acid gave the same results 
as those obtained with another sample (m.p. 30.5°C.) obtained from 
Fluka. 


* Alcohols obtained by fractional vacuum distillation of technically pure alcohols 
obtained from Fluka, B.D.H., or Kodak. This purification in general modified the 
refractive index, but on no occasion was the value of the static surface tensions of the 
aqueous solutions of these aleohols markedly altered by initial purification of the 
alcohol. It is unlikely therefore that any trace of impurity remaining would alter 
the values of the surface tension obtained. 
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C. Water 


Most of the results mentioned in this work have been obtained by 
preparing solutions in triple distilled water. However, similar results were 
always obtained when ordinary distilled water was used, the surface ten- 
sion of which had been previously checked (72.6 to 72.8 dynes/cm.). 

All our apparatus were frequently cleaned with a chromic-sulfuric mix- 
ture. 


D. Temperature 


All surface tension measurements reported in this work were carried 
out in a room maintained at a temperature of 20° + 0.5°C. 


TI]. MEASUREMENTS WITH THE RING 
A. Experimental Technique 


We have measured the static surface tensions of a series of aqueous 
solutions of heavy alcohols and acids with Lecomte du Noily’s ring ten- 
siometer. To eliminate completely the evaporation of the surface we 
proceeded as follows: 

An empty dish, 3 cm. high, 5 cm. in diameter, designed to contain the 
solution to be studied, was placed under the ring of the tensiometer (the 
ring being 14 em. from the bottom of the dish). The dish was then almost 
completely closed by laying two photographic glass plates (together 6 
em. X 6 cm.) on its level grinded edges; 10 ml. of the solution were pi- 
petted into the dish between the two half plates which were then brought 
together. The platinum wire supporting the ring passed through a small 
aperture formed by two notches in the plates. The surface tension was 
then measured in the usual manner. 

The uncorrected surface tension is given by: 


Mg 


Ouncorr. — AnR’ 


where R is the radius of the ring and Mg is the maximum force that can 
be applied on the ring by the torsion wire. This force equals the maxi- 
mum weight of liquid that can be lifted by the ring. 

The corrected surface tension (ccorr.) was then calculated by multiply- 
in Cuncorr, by the correction factor F obtained from the tables of Harkins 
and Jordan (9, 10). 

This factor is a function of R°/V for a constant value of R/r (r = radius 
of ring-wire, V = maximum volume of liquid lifted by the ring): 


ROR Mg 
Ocorr. — ae | x har 
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Fig. 1. Calibrating curve of the ring tensiometer. 


All the solutions used were sufficiently dilute that their densities could 
be considered constant and equal to that of water. With dilute solutions 
and with the use of the same ring it follows therefore that o or, depends 
only on the maximum force applied by the torsion wire on the ring. A 
calibration graph can thus be drawn relating ccorr, with the dial reading 
of the tensiometer (Fig. 1). This curve permits the rapid use of the ring 
tensiometer for dilute aqueous solutions. 

The dimensions of the ring used were: 


R = 0.978 cm. 
r = 0.016 cm. 


The torsion wire exerts on the ring a force of 1 g. or 981 dynes for 139.5 
graduations on the dial. The maximum error is 0.2 graduation, or about 
0.1 dyne/cm. 
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B. Results 


1. Errors Caused by Evaporation. It is proposed now to discuss details 
of the effect of the evaporation of the solute on the static surface tensions 
measured with the ring in an open dish. 

The second column of Table I gives the static surface tensions measured 
in a closed dish, as previously described. In this case adsorption equilib- 


TABLE I 
Effect of Evaporation on Measurements of Surface Tension 
Solutions oe So ol 
Normal hexy!] alcohol (0.8 g./l.) | 54.7% | 55.7* 57 (a, d) 
Isohexyl alcohol (0.8 g./l.) | 59.9 60.5 
Secondary hexyl alcohol (1-methyl (0.8 g./l.) | 59.8 60.3 
pentanol) 
Tertiary hexyl alcohol (1-dimethyl | (0.8 g./l.) | 62.2 62.8 
butanol) 
Normal hepty] alcohol (0.4 g./l.) | 49.5 50.7 51.3 (g) 
52.2 (a, d) 
Secondary heptyl] alcohol (dipropyl | (0.4 g./l.) | 58.4 59.0 
carbinol) 
Secondary heptyl alcohol (ethyl butyl | (0.4 g./l.) | 58.9 59.4 
carbinol) 
Normal octyl alcohol (0.2 g./l.) | 42.6 44.2 46.0 (a) 
44.3 (e) 
47.7 (h) 
Secondary octyl alcohol (Methyl | (0.2 g./I.) EO (pro aes ees i G83) (2) 
hexyl carbinol) 56 (a, d) 
Branched octyl alcohol (2-ethyl hex- | (0.2 g./I.) | 52.4 53.6 
anol) 
Normal nony! alcohol (0.1 g./l.) | 33.7 — 
Branched nonyl alcohol (3,5,5-Tri- | (0.08 g./l. | 53.0 55.0 
methyl] hexanol) 
Normal decyl] alcohol (0.02 g./1.)| 39.0 45.0 44 (c) 
47 (h) 
47.5 (d) 
Capric acid (Cio) (0.04 g./l.)| 39.8 39.8 43 (d) 
41.8 (f) 


oe: static surface tension measured with the ring in a closed dish. 

a: static surface tension measured with the ring in an open dish. 

*. gurface tension measured with the ring and the drop weight. 

**- surface tension measured with the ring and the dipping plate. 

o1: surface tension of literature: (a) Addison (oscillating jet) (11); (c) Addison 
(dipping plate) (4); (d) Addison (drop) (4, 11); (e) Posner and Alexander (ring) 
(5, 12); (f) Ward and Ottman (drop) (1); (g) Sutherland (ring) (6-8); (h) Harva 
(ring) (13). 

Note: These results are shown graphically in Fig. 2 for o, and oi. 
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rium was reached, for the concentrations used, in 10 minutes for normal 
nonyl alcohol, in 1 hour for normal decyl alcohol, in 30 minutes for capric 
acid, and in less than 1 minute for the other solutions. 

When a determination in a closed dish had been carried out, the glass 
covering plates were removed and the surface tension was redetermined 
a few seconds later. The results in each case are given in Table I, column 
3; agreement with the findings of other workers (column 4) is apparent in 
some instances. Replacement of the covering plates, however, caused a 
decrease in the surface tension within a few seconds to a value correspond- 
ing to that given in column 2. If, however, the dish was left uncovered, 
the surface tension was found to increase, but the rate of increase fell 
considerably after the first few seconds. For the decyl alcohol solution the 
increase continued until, after about 15 hours, an equilibrium value close 
to that of water was attained. This slow change was found to be irreversi- 
ble, as the values given in Table I could not be reproduced by replacing 
the glass plates on the dish. A definite loss of solute would thus appear 
to have occurred. 

In the case of capric acid there was no rapid increase of the surface 
tension on uncovering the dish, but a gradual increase continued for 
several days without attaining the water value. 


o 
dynes /cm ZOXxE 


Log C (moles / liter) 


Fig. 2. Statice surface tensions of aqueous solutions (20° C.). A. Normal hexyl 
alcohol; B. Isohexyl alcohol; C. 1-Methyl pentanol; D. 1-Dimethyl butanol; £. 
Normal heptyl alcohol; F. Ethyl butyl carbinol; G. Dipropyl carbinol; H. Normal 
octyl alcohol; 7. Methyl hexyl carbinol; J. 2-Ethyl hexanol; K. Normal nonyl alco- 
hol; L. 3,5,5-Trimethyl hexanol; M. Normal decyl alcohol; N. Capric acid (Cro), 
pH = 2; (a) Addison; (b) Harva; (d) Posner, Alexander, and Anderson. 
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Table I also includes surface tensions measured by the plate method 
(Wilhelmy) under the same conditions. The results agree with those ob- 
tained by the ring method. 

Thus after the initial rapid loss has occurred, the rate of loss by evapora- 
tion becomes very slow, and this may have led other workers (column 4) 
to regard the values of surface tension obtained at this stage as equi- 
librium values. 

Comparison of columns o, and a, of Table I shows that the most marked 
evaporational effects occurred with the higher and therefore less volatile 
alcohols. Because of their lower solubility and higher surface activity, 
these alcohols were used at lower concentrations, and consequently the 
amount which was available to diffuse to the surface was much less. Evap- 
oration would thus have led to an impoverishment of the superficial layer 
to a greater extent than would occur with lower alcohols. 

2. Static Surface Tensions of the Aqueous Solutions. The values ob- 
tained by the ring method and with the use of the glass cover plates are 
shown as a graph of surface tension against log concentration in Fig. 2. 
Comparison with the results of other workers (dotted lines) serves to 
emphasize again the differences caused by the evaporation effect. 

The slopes of the curves in Fig. 2 give the relative Gibbs adsorptions of 
the solutes. Thus, at constant temperature (7’) and pressure, this adsorp- 
tion, in the case of an ideal dilute solution, is given by: 

G Oo 1 Oo 


>< SS = 


PRE EO a hg THEN BEES 


where C is the concentration of the solute and RF is the gas constant (ergs/ 
mole X °C.). This gives at 20° C. 


0.4105 X 10°” 
2.303 logio é 


The values of the adsorptions when the solutions are nearly saturated 
are given in Table II for each alcohol. The areas occupied by the mole- 
cules are then deduced and can be compared with some published values. 

The lowest point on each curve in Fig. 2 represents the saturated solu- 
tion. The surface tension of each saturated solution was determined and 
the corresponding concentration required to plot the point was obtained 
in two ways: (1) by intrapolating the o-log C curve (already plotted 
for lower concentrations) to the saturated tension value; (2) by diluting 
to a known extent the saturated solution, determining its tension, and 
interpolating the concentration from the o-logC graph. The solubility 
could then be easily calculated. 

Concordant results were obtained by these two methods. The solubili- 
ties are given in Table II, together with some published values. 


_—— moles/cm.’. 
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TABLE II 


Results for Adsorption, Molecular Area, and Solubility 
Sd ts ot 


% ee a Solubility (moles/liter) 
aes 
= ie Our 
=< |meas-| Literature | Our meas- Literature 
3 & | ure- values urements values 
aia ments 
Normal hexyl alcohol) A* | 6.0 28 6.07 X 10-2 6.9 X 10°? @) 
6.2 = X10) 
6st x 10220) 
Normal heptyl alco- | # 6.0 28 1345 108) Vi48>X 10m) 
hol 1.24 K 10-2 (b) 
26-28 (0) 16156 Onze) 
Normal octyl aleohol | H | 5.9 28 28.5 (d) | 3.68 X 1074) 3.22 X 10-3 (a) 
2.0 On? (6) 
4.5 X 10° (ec) 
Normal nony] alcohol] K | 6.1 27 9.34 X 1074 
Normal decyl alco- M59 28 2.69 10-4] 2.27 X 1074 (@) 
hol 2 X 1054, (6) 
Isohexy] alcohol B Ha By 1.02 X 10! 
1-Methy] pentanol C 4.8 35 1 COE <a 10et 
1-Dimethyl butanol | D ALS BYE 3.64 X 107 
Ethyl butyl carbinol | F 4.5 37 4.10 X 10°? 
Dipropyl! carbinol G, | 432 40 ea) << Oe 
Methyl] hexyl carbi- | J 5.4 31 S20 Ome 
nol 
2-Ethyl hexanol J 4.9 34 6.76 X 10-3 
3,5,5-Trimethy] L 4.7 35 3.12 X 10-3 
hexanol 
Capric acid 6.1 27 31 (e) — 
30.5 (d) 
(a) Addison (4, 11); (6) Harva (13); (c) Butler, Thomson, and Mc Lennan (14); 


(d) Taubman (15); (e) Harkins (16). See also reference 17. 
* Capital letters in second column refer to Fig. 2. 


In Fig. 3 the log of the solubility is plotted against the number of car- 
bon atoms in the normal alcohol chains. Results obtained by Addison 
(4, 11) and Harva (13) (by the extrapolation procedure) are shown as well 
as those of Butler et al. (14) using a different technique. A linear relation- 
ship is obtained since the curves of Fig. 2 are equidistant for the normal 
alcohols, and also because the static surface tensions of the saturated 
solutions have nearly the same value (see reference 18). 

The constant distance from one curve to the next is a manifestation of 
Traube’s law (19, 20), which states that, provided the solution is dilute, 


DETERMINATION OF SURFACE TENSIONS 393 


6 7 8 9 10 
Number of C atoms 


Fig. 3. Logarithm of solubility as a function of the length of the normal alcohol 
chains (20°C.). O Addison; X Hommelen; A Harva;(_] Butler et al. 


the concentration at which equal lowering of surface tension is observed, 
is divided by a constant factor‘ for each additional CH: group in a homolo- 
gous series of alcohols or acids. This equidistance is also a result of the 
identical slope of these curves, i.e., of the identical adsorption of the con- 
sidered alcohols. This identical adsorption and consequently identical 
molecular area supports the suggestion that the alcohol molecules form a 
monomolecular layer on the surface, with the carbon chains extending 
away from the surface. 

The secondary, tertiary, and branched alcohols (Fig. 2) give curves 
which are less steep, corresponding to lower adsorptions. This agrees with 
the conception of the larger cross-sectional area of these molecules. 

The slope of the curve relating to the capric acid (Fig. 2) shows that the 
adsorption is the same as that of the normal alcohols. 


IV. MEASUREMENTS WITH Drops 


If a drop of solution is allowed to form on the lower tip of a capillary 
tube of known external diameter, the surface tension of this drop can be 


measured in different ways. 
A. The Drop Weight Method 


This method consists in weighing the drop which falls slowly from the 
tip of a vertical tube, as described by Harkins for pure liquids (16, 21). 
The weight of the drop, the density of the liquid, and the radius of the 


4 This factor had a value of about 3.8 in these experiments. 
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capillary tip are sufficient to determine the surface tension of the falling 
drop. 

In the case of solutions which reach their adsorption equilibrium very 
slowly, the rapid and extensive increase in surface area of the drop at the 
moment of fall can increase the surface tension by lowering the amount 
of adsorbed solute per unit area (22). The extension of this method to 
include a study of solutions is therefore possible only if the solutions at- 
tain their adsorption equilibrium rapidly. 


B. The Drop Shape Method 


Andreas, Hauser, and Tucker (23) have developed a method in which 
the surface tension is calculated from observations on the shape of pendent 
drops. Measurements necessary to determine the shape of the drop, how- 
ever, usually require specialized equipment. Fordham (24) has computed 
a good table for the use of this method. 


C. The Drop Length Method 


A simplification of the drop shape method due to Addison (4) is to form 
drops of constant volume on a capillary tip and to measure only the length 
of the drops. A calibration curve is initially prepared from determinations 
with solutions of known surface tension. 


D. Experimental Procedure 


The apparatus (drop length method) used in the present work (Fig. 4) 
consisted of a micrometer screw (A), an insulin glass syringe (B, C), and 
a Pyrex capillary tube (D), 0.446 cm. in external diameter, attached to the 
syringe by a ground glass joint. A colorimeter cell (#) of 4 ml. capacity 
was attached to the capillary tube by means of a cork having a small air 
inlet hole. The cell contained 2 ml. of the solution under test, and the 
capillary tip was placed very near the surface of the solution so that a 
saturated atmosphere was maintained around the drop (see later). 

Under these conditions a movement of the piston of 1 cm. expelled 
0.1815 ml. of liquid from the capillary tip. Initial tests showed that care- 
ful greasing’ of the ground glass joint between the syringe and capillary 
and also of the piston and the syringe wall, was necessary to prevent slight 
losses. 

The syringe was filled with a solution of known surface tension (ring 
method), and a few drops were expelled by screwing the micrometer head. 
A flat meniscus was formed at the capillary tip by readjusting the mi- 
crometer head (zero reading). A drop of known volume was then formed 

° Greasing had been done with vaseline to prevent pollution of the solution. It 


was, however, essential to minimize direct contact between vaseline and solution to 
prevent absorption of the solute into the vaseline. 
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Fic. 4. Drop length apparatus. 


TABLE III 
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Standardization of the Drop Length Method with Normal Hexyl Alcohol Solutions 


Sn nnn LUE EEE SESS EE ERR 


Length? of the drops for a volume in cm.? of 


G 
(g./l.) oe te 
0.0363 0.0454 0.0545 0.0590 0.06385 0.0726 
5 ol .4 ol 4 245.5 
aa74 Bil Fd ole 228 297 
D5) AV? 41.3 220 272 
1.67 46.7 46.7 213 256.5 319 
1 52.9 52.9 209 248.5 292 320.5 
0.71 56.8 56.8 206.5 DASE: 283 308 335 
0.5 60.4 60.3 205 241 278 = SO 
0.25 66.3 66.3 203 237 270.5 — 307.5 354 
0 72.8 72.6 202 234 265 282 299 336 


o,; surface tension measured with the ring (dynes/cm.). 
oa: surface tension checked by the drop weight method (dynes/cm.). 
« The length is expressed in arbitrary units (100 units = 0.161 cm.) in terms of the 


reticle graduation. 


on the tip and its vertical height measured with a cathetometer having 
a moving reticular eyepiece. This procedure was carried out for water and 
eight concentrations of n-hexyl alcohol solutions, with up to six different 
volumes selected in each case. The surface tension of each solution was 
confirmed by the drop weight method using the same apparatus (the 
weight of the drop being calculated from its maximum volume). Earlier 
tests with the oscillating jet had shown that the adsorption equilibrium of 
these solutions was complete within 0.005 second (25, 26). The calibration 
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Fig. 5. Calibrating curve of the drop length tensiometer. 


values are given in Table III and are plotted in Fig. 5 for each of the six 
drop volumes utilized. 

The surface tension of any other solution can then be determined by 
filling the syringe, forming a drop having one of the six selected volumes 
on the capillary tip, and measuring its vertical height. It was clearly pre- 
ferable to select the largest volume of drop, thus using the curve with the 
lowest gradient. 

However, since the surface of the second and subsequent drops formed 
by this procedure is always slightly contaminated with a residual propor- 
tion of the surface of the previous drop, it is difficult to establish the age 
of the surface. Accordingly, the drop length method was not considered 
sufficiently reliable to determine dynamic surface tensions. The method 


has, however, proved useful to explain anomalies in the results of previous 
workers. 


E. Results 


1. Decyl Alcohol Solutions. Addison (4) found that the surface tension 
of a n-decyl alcohol solution (0.02 g./l.) depended on the method of meas- 
urement (Fig. 6), the drop method giving higher values than were ob- 
tained by the Wilhelmy plate method. Addison attributed this behavior 
to a “bag effect,” but for the following reasons it is suggested that evap- 
oration may have been responsible for these differences. 
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ao dynes/cm 


Seconds 


Fia. 6. Surface tensions of a normal decyl! alcohol solution (0.02 g./I.): 


in open air A 
Drop methods| ie tO -snlereell rlhevee 
Dipping plate method Cc) 


{with evaporation E 
Dropdengih eeciaees evaporation 4 


; with evaporation F Hommelen 
Sue et uOG \ without evaporation G 
Static surface tension (ring) H 


1. The data in Table I show that the solute evaporates from aqueous 
solutions. Addison did not observe this effect with the vertical plate 
method; his value for the surface tension however, lies, very near that 
obtained with the ring method in an open dish in the present work (Fig. 
6, C; F): 

2. Since the alcohol vapor is very heavy (molecular weight 158.3), it 
is possible that only the region within about 2 mm. of the surface of the 
saturating solution will be saturated with alcohol vapor, and so a concen- 
tration gradient may exist in the vapor phase. Drops formed more than 
about 2 mm. above the liquid surface may therefore be subject to an 
evaporational error. In agreement with this suggestion, Addison’s surface 
tension value using the drop weight method in a closed dish (curve B) 
was higher than the value obtained by the present author with the ring 
method in a closed (Fig. 6, @) or even open dish (F). 

In support of this, very good agreement has been obtained between the 
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Fic. 7. Dynamic surface tensions of capric acid solutions (20°C.). O-O-O-O-O 
with evaporation; X-X-X-X-X without evaporation. 


ring and drop methods when the drop was formed within 2 mm. of the 
surface of the saturating solution in the cell (Fig. 6 D, @). 

However, when the drop was formed 1 cm. above this surface, the 
tension values obtained were much higher (curve /). A similar high value 
was observed even when an interval of an hour was allowed for saturation 
of the cell before the drop was formed. Curve A obtained by Addison with 
a drop in the open further supports these results. 

All these experimental data are consistent with the suggestion that 
evaporation of solute can be prevented in the cell only by forming the 
drops very near the surface of the saturating solution. 

It should be noted that the final equilibrium value for the n-decyl 
alcohol solution obtained by the ring method under cover after 60 minutes 
(Fig. 6, H) gave a value 1 dyne/cm. lower than D and G. 

2. Capric Acid Solutions. Using the Andreas, Hauser and Tucker drop 
shape method (23), Ward and Ottman, working under conditions similar 
to those of Addison, found that the surface tension-time curve for a capric 
acid solution showed a minimum (Fig. 7, 4). The following is an attempt 
to show that this effect could be due to the interplay of solute adsorption 
and evaporation. 

In the present work, curve B with a minimum was obtained when the 
conditions of Ward and Ottman were simulated. However, when the drop 
was expelled near the surface of the capric acid solution saturating the cell, 
a curve without a minimum (curve C) was obtained. The static tension 
value from this curve after 15 minutes aging agreed with that obtained 
by the ring method (C’). 
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A physical interpretation of these facts would be as follows: 

Curve B: During the first 2 to 3 minutes after the formation of the drop, 
the rate of adsorption of the acid exceeds its rate of evaporation. As ad- 
sorption proceeds the solution layer immediately below the surface be- 
comes deprived of its solute, slowing down the adsorption rate. When this 
rate becomes slower than that of evaporation, a decrease in the net amount 
of acid adsorbed at the surface results. Hence the surface tension value 
rises and then becomes fairly constant as a balance is established between 
adsorption and evaporation. 

Curve C: A minimum would not be anticipated since evaporation was 
prevented. 

As a sequel to these experiments, the aging of a solution of the same 
concentration of capric acid (2.3 X 10-* M) in dilute HCl to repress acid 
dissociation was studied in the same apparatus. Curves D and EF were 
obtained with and without the occurrence of evaporation. 

Further, if a more dilute solution of capric acid (0.46 * 10-4 M) in 
HCl was used, a curve without a minimum (/’) was obtained regardless 
of the position of the capillary tip in the cell. It would seem likely that 
with this more dilute solution, the rate of evaporation of the capric acid 
solute was always much lower than the rate of surface adsorption. 

If these explanations are accepted, they would confirm that the drop 
method is reliable only if the drop is formed very near the surface of the 
saturating solution, so that the heavy vapor mostly prevents evapora- 
tion. However, fully reliable correct values can theoretically not be ob- 
tained until the same result is obtained with the drop 1 cm. or 0.2 cm. 
from the surface of the liquid saturating the cell, because this is an equi- 
librium condition. It should yet be pointed out that results obtained in a 
closed dish with the ring method were practically identical to the results 
obtained with the drop 0.2 cm. from the surface; this means that solute 
evaporation was thus sufficiently prevented. 

Concerning the measurement of dynamic tensions with the pendent 
drop method, the one limitation under these conditions would appear to 
be a difficulty of establishing the true zero age. 


V. SUMMARY 


The surface tensions of aqueous solutions of long-chain alcohols and 
acids measured by the usual techniques are shown to be high by a signifi- 
cant amount owing to solute evaporation during the measurement. If the 
ring or vertical plate method is used, only measurements in a closed vessel 
give equilibrium values; if the hanging drop is used, the heavy vapors do 
not remain near the drop, and it is therefore essential to form the drop 
very close to the surface of the solution which is saturating the surround- 
ing air. 

Improvements in normal procedures, designed to eliminate the evapora- 
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tional error, are described. Various anomalies, for example, the ‘“‘bag effect’ 
found by Addison and Hutchinson with decyl alcohol solutions, and the 
minimum in the time curves of surface tension observed by Ward and Ott- 
man with capric acid solutions, are shown to be consistent with an evapora- 
tional effect. 

New surface tension-concentration curves for aqueous solutions of 
some alcohols and acids are given in the present paper. The corresponding 
adsorption values have been deduced from the Gibbs equation. 


ACKNOWLEDGMENTS 


An important part of the equipment necessary for the present work was obtained 
through the generosity of the ‘‘Centre National de Chimie-Physique Moléculaire.” 

We should like to express our gratitude to that organization as well as to Professor 
Defay for his advice on numerous occasions, and to W. D. EK. Thomas who helped 
us in the elaboration of the English text of this paper. 


REFERENCES 

1. Warp, A. F. H., anp Orrman, M., ler Congr. Détergence Paris 1, 71 (1954). 

2. Merigoux, R., Doctor’s thesis, Paris, 1938. 

3. The Bible, Proverbs, Chapter XXIII, Verse 31. 

4, Appison, C. C., et al., J. Chem. Soc. 1943, 3387. 

5, ALExaNpmER, A. E., anp Posnur, A. M., Trans. Faraday Soc. 45, 651 (1949). 

6. SurHERLAND, K. L., Doctor’s Thesis, London, 1950. 

7, SUTHERLAND, K. L., Rev. Pure and Appl. Chem. Australia 1, 35 (1951). 

8. SuTHERLAND, K. L., Australian J. Chem. 4 (7), 319 (1954). 

9. Harkins, W. D., anp Jorpan, H. F., J. Am. Chem. Soc. 52, 1751 (1930). 

10. Harkins, W. D., in A. Weissberger, ed., ‘‘Physical Methods of Organic Chem- 
istry,’’ Vol. 1, Part 1. Interscience, New York, 1949. 

11. Apptson, C. C., et al., J. Chem. Soc. 1948, 535; ibid. 1944, 252, 477; ibid. 1945, 
98, 354; Phil. Mag. 36, 73 (1945). 

12. Posner, A. M., ALExaNpmER, A. E., AND ANDERSON, J. R., J. Colloid Sci. 7, 623 
(1952). 

13. Harva, O., lec. trav. chim. 75, 101 (1956). 

14. Burier, J. A. V., THomson, D. W., anp McLennan, W. H., J. Chem. Soc. 1938, 
674. 

15. Tauspman, A. B., Zhur. Fiz. Khim. 26, 389 (1952). 

16. Harkins, W. D., “Physical Chemistry of Surface Films.” Reinhold Publ., 
New York, 1952. 

17, SHOFIELD, AND RipEau, HW. L., Proc. Roy. Soc. (London) A109, 57 (1925); ibid. 


110, 167 (1926). 

18. CrarK, Drcont, DENaRD, anD Dervicutan, Congr. Bordeaux, 173 (1947). 

19. Trauss, I., (Liebig’s) Ann. 265, 27 (1891). 

20. Warp, A. F. H., ano Torpat, L., Trans. Faraday Soc. 42, 399-413 (1946). 

21. Harkins, W. D., ann Brown, F. E., J. Am. Chem. Soc. 38, 247 (1916); ibid. 41, 
499 (1919). 

22, Deray, R., AnD HomMELEN, J., J. ind. chem. Belg. XXIII (6), 597 (1958). 

23. ANDREAS, J. M., Hauser, EH. A., anp Tucker, W. D., J. Phys. Chem. 42, 1001 
(1938). 

24. Forpuam, 8., Proc. Roy. Soc. (London) A194, 1 (1948). 

25. Dreray, R., anp Homme en, J., J. Colloid Sci. 18, 553 (1958). 

26. HomMMELEN, J., Doctor’s Thesis, Brussels, 1957. 


JOURNAL OF COLLOID SCIENCE 14, 401-410 (1959) 


II. MEASUREMENT OF DYNAMIC SURFACE TENSIONS 
OF AQUEOUS SOLUTIONS BY THE FALLING 
MENISCUS METHOD 


Raymond Defay and Jacques R. Hommelen 


Université Libre de Bruzelles, Brussels, Belgium 
Received September 18, 1958; revised February 24, 1959 


INTRODUCTION! 


The falling meniscus method for the determination of surface tension is 
based on the fact that the height attained by a liquid in a tube is dependent 
only on the radius of the tube where the meniscus is situated. The method 
provides a rapid and convenient procedure for the measurement of both 
static and dynamic surface tensions. 

Bigelow and Hunter (1) in 1911 used the falling meniscus method to de- 
termine static tensions, and Hiss (2) in 1913 was the first to study water 
surfaces within 10-4-10~ sec. of formation to verify the Lenard assumption 
(3) that such surfaces possessed values of surface tension higher than the 
classical equilibrium value. In 1925, Carver and Hovorka (4) showed that 
the height attained by a liquid in a tube was independent of the composi- 
tion of the wall. Schmidt and Steyer (5) and Kleinmann (6) improved the 
technique, and Seits (7) studied the tensions of solutions of mineral salts 
by this method. 

In this paper the work of some of these authors is briefly criticized, and 
an improved apparatus is developed and used to determine dynamic sur- 
face tensions. 


DESCRIPTION OF PROCEDURE AND Meruop oF CALCULATION 
oF SURFACE TENSION 


A circular capillary hole formed in the closed end of a glass tube a few 
millimeters in internal diameter provides a convenient meniscus position. 
The tube is lowered vertically into the liquid under test, and when it is 
completely filled (Fig. 1), the liquid column height is gradually increased 


1 This is the second of a series of three papers presenting measurements of dy- 
namic surface tensions and discussing the mechanism of adsorption of heavy alco- 
hols and acids in dilute aqueous solutions (8). We have also recently published a 
detailed bibliographical study of other methods for measurement of dynamic sur- 
face tensions (9). 
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by lowering the vessel containing the bulk solution until, at a critical height 
of rise, the meniscus breaks away from the hole. The height of rise (ho) of 
the column immediately before this occurs corresponds to the maximum 
pressure difference which exists between the upper and lower sides of the 


meniscus. The surface tension (c) of the solution is given by: 


2 
Jo ld (i nt 3) [1] 


where ly = the distance between the highest edge of the meniscus and the 
level of the liquid outside the tube, and r = the radius of the capillary 
hole. (This equation for capillary rise when the meniscus is hemispherical, 
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Fig. 1. Diagram of apparatus. 


as well as the complementary one derived by Harkins (reference 10, p. 366), 
is an approximation of the Rayleigh equation.) 

With sharp-edged capillary holes the tangent to the meniscus may not 
be vertical (as it is in a cylindrical capillary having zero contact angle). For 
such holes a more general equation can be derived from Sugden’s treatment 
for the maximum bubble pressure method (11), because of the similarity 
between the form of the bubble as it breaks and that of the falling menis- 
cus. This second equation has been shown with our orifices (reference 12, 
pp. 92-96) to give surface tension values similar to those obtained by 
using Eq. [1], provided the surface tension of the solution is not less than 
40 dynes/cm. The radius r in Kq. [1] was measured as the minimum value 
for the orifice and the contact angle could be neglected, if there was any. 

Accordingly, Eq. [1] has been used in all work described below. 
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If surface tension-time effects are being investigated, the height of rise 
(ho) is maintained constant at selected values greater than would corre- 
spond to the static surface tension. The meniscus breaks when the tension 
value falls below that calculated from the equation for the particular value 
of ho used, and the age of the solution at this tension is equal to the interval 
between the formation and the breaking of the meniscus. 


CriticAL REview or PuBLISHED Work 


Schmidt and Steyer (5) used a falling meniscus method to investigate 
the rapid aging of pure water surfaces (age: 10~*-10- sec.). A continuous 
overflow of water from the orifice (Fig. 1) was maintained by the movement 
of a horizontal stream of air over it. When the air stream was interrupted, 
the meniscus fell until it reached the narrowest part of the capillary orifice, 
where it remained until the tension had fallen below the value given by 
Kq. [1] for the particular value of ho used. By varying hp a series of related 
surface tension-surface age values for pure water were obtained. 

Since mechanical equilibrium of the system necessary for the applica- 
tion of Eq. [1] was unlikely to have been achieved in the short time inter- 
vals used by Schmidt and Steyer, it is probable that the apparent aging 
effects observed were spurious. The present authors have shown (9, 12) 
that similar results could be attributed to viscosity effects only. This would 
support Bohr’s original findings (13) with the vibrating jet that no aging 
of pure water could be detected at the surface ages here considered. 

Kleinmann (6) attempted to improve the method by introducing a vis- 
cosity correction, shown by the present authors to be invalid (9, 12). 

In the present work a falling meniscus method has been adapted to 
study the aging of older surfaces, ranging in age from a few seconds to a 
few minutes. Some of the errors inherent in the procedures of earlier 
workers have thus been avoided. 


EXPERIMENTAL 
A. Preparation of Orifices 


One end of a Pyrex tube 6 mm. in external diameter was heated, drawn 
out 1 em., and cut at its narrowest point (Fig. 2A). The tip was heated to 
redness until the opening was only slightly larger than that finally required 
(Fig. 2B). The tube was held vertically and its end ground with carbo- 
rundum on a glass plate to beyond the narrowest cross section (Fig. 2C), 
after which the tip was reheated to remove burr and to reduce the opening 
to the desired size (Fig. 2D). Finally the shoulder of the tube at the tip was 
ground in Pyrex dies to facilitate draining from the orifice (Fig. 2H). It is 
essential to preserve the symmetry of the end of the tube during this proce- 
dure. Prepared in this way, each orifice had its minimum radius at its outer 
edge, and this considerably simplified measurement of the height of rise. 
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Six such capillary orifices were prepared and their diameters measured 
with a traveling microscope (Table I, a) or with a microscope fitted with a 
reticular eyepiece (Table I, b). At least two such measurements were made 
on each orifice, and none was found to depart from the circular by more 
than 2%. 

The orifice characteristics are given in Table I, which also includes data 
obtained for pure water with each orifice (see below). 


foe 


woos yor 


aa 


Fic. 2. Preparation of the orifices—successive stages. 


TABLE I 
Orifice Characteristics and Results for Water at 20°C. 


r p gr h 


Capillary Cen 2p tei) ea) (dynes/cm.) 
A 0.0150 (b) 0.010 Minoo 9.883 72.5 
B 0.0171 (b) 0.012 8.37 8.70 42.0 
C 0.0242 (a) (b) 0.016 11.48 6.162 72.6 
D 0.0358 (a) (b) 0.024 17.28 4.254 73.0 
E 0.0432 (a) (b) 0.029 DAR AG 3.462 72.6 
F 0.0603 (a) 0.040 29.48 2.516 72.9 
Mean: 12.7 
Average variation from the mean: 0.2 


B. Measurement of Height of Rise (Fig. 1) 


The tube prepared as above was supported vertically in a fixed clamp 
and the height of the column was varied by means of a movable platform 
supporting the vessel containing the liquid. The height of rise (ho) meas- 
ured by means of a cathetometer (to 0.02 mm.) involved an initial reading 
for the orifice tip and readings of the level of the bulk liquid surface in the 
vessel at different settings of the platform. In theory the height of the 
column should be determined immediately before the meniscus breaks 
(i.e., at the instant the air stream drops), but because of experimental 
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Apparatu 


——— 


Vain pump 


Fic. 3. Connecting device for the aspiration. 


difficulties, the level of the bulk liquid was measured after the meniscus 
had broken in each instance, and a correction was added to allow for the 
liquid which had flowed from the tube. 


C. Sources of Errors and Their Elimination? 


1. Evaporation of Solute. In the early stages of the present work a modi- 
fied Schmidt and Steyer apparatus was used to investigate the aging of 
aqueous solutions of methyl-hexyl carbinol. An anomalous behavior was 
observed and shown to arise from evaporation of adsorbed solute from the 
surface.’ This error was eliminated by enclosing the capillary orifice in a 
Pyrex cell fitted with a ground-glass cap. Slow overflow of the solution 
through the capillary hole was induced by pressure lowering in the cell and 
allowed renewing of the meniscus. A valve device (Fig. 3) was incorporated 
between the saturator and the water pump (a) to regulate the suction 
which controlled the overflow of solution (air inlet H) and (b) to prevent a 
too sudden ingress of air during the later pressure equalization. The frame 
K was vertically movable in such a way that the tubes R and S could be 
successively opened to the atmosphere within 0.1 sec. when position A was 
changed to position C. In the suction position (A) the spring-loaded suc- 
tion tube (7’) and the small cap (J) were tightly pressed against the two 
pieces of rubber tubing LZ and M. Raising of the frame (to position B) 
allowed air to enter the tube R while the water pump was still connected. 
The pressure in the system at this stage thus approached atmospheric until 
the suction was too weak to induce overflow of the solution but still pre- 
vented untimely breaking of the meniscus. Further raising of K (to posi- 
tion C) disconnected the water pump completely from the system and the 
pressure inside became atmospheric. A tap was incorporated to the cell for 


2 See detailed discussion of this part in reference 12. 
’ It has been proved by one of us that evaporation of solute in alcohol solutions 
very often happen and induces an important increase of the measured surface 


tension (14). 
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emptying it at the end of each experiment. The beaker containing the bulk 
solution was covered with a glass plate through which a hole was made for 
the rise tube. 

2. Pollution and Surface Extension. After elimination of the evaporation 
error it was observed that the residual film of solution on the external wall 
of the rise tube was considerably extended by draining towards the bottom 
of the cell (12). This surface extension occurred during the first few seconds 
after overflow had ceased, and as a result the effective adsorption of solute 
per unit area at the meniscus surface was lowered, giving a higher value for 
the surface tension (15, 16). This behavior has been discussed (12) in the 
light of similar observations by Defay and Derycker, who used the overflow- 
ing funnel (17). 

It has been shown (12) that a second major effect began to operate when 
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Fic. 4. Apparatus designed to eliminate pollution, extension, and evaporation 
errors. 


Fie. 5. Alternate design of apparatus. 
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the draining from the tube wall became slow enough to permit. pollution 
of the meniscus surface by the considerably older surface existing in the 
bottom of the cell. Rapid equilibration between these two surfaces occurred 
resulting in a redistribution of the adsorbed solute, thus prematurely aging 
the meniscus surface. 

The apparatus of Figs. 4 and 5 has been designed to eliminate these two 
effects (see details in reference 12) as well as the effect of evaporation. 
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Fic. 6. Comparison between results given by apparatus of Fig. 4 (@) and Fig. 5 
(+) (normal decyl] alcohol 0.012 g./liter; 20°C.). 


D. Apparatus to Eliminate Pollution and Surface Extension Effects 


The apparatus shown in Fig. 4 was designed to eliminate surface exten- 
sion effects as well as those of pollution. With the use of the suction device 
previously described (Fig. 3) the cell was completely filled with the solu- 
tion until a few drops overflowed through the tube 7. The tap U was 
opened at the same time the suction device was adjusted to position B,‘ 
and as soon as the level of the solution had reached the orifice the tap U 


4In position B a slight negative pressure was maintained in the cell to prevent 
premature breaking of the meniscus. 
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was closed and the suction device was adjusted to position C. At this 
stage the surface was considered to be 1 sec. old—the time interval during 
which tap U was open. Timing in the experiment was carried out with a 
stopwatch. 

It was considered that with this apparatus the surface of the bulk solu- 
tion surrounding the rise tube was at the same age as that of the meniscus 
within the orifice; hence no pollution effect was possible. In addition, since 
the surface of both the bulk solution and the meniscus were essentially the 
same, no extension of surface was possible either. Any increase of meniscus 
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Fic. 7. Dynamic surface tensions of capric acid solutions (pH = 2; 20°C.). 


surface area which did occur during aging could be neglected in comparison 
with the much larger surface area of the bulk solution. (The aging of the 
meniscus results in a change of shape.) 

An alternative design suitable for determining surface tension in the 
absence of pollution and extension effects is shown in Fig. 5. The effect of 
suction at F produced not only an overflow of solution through the orifice 
but also a movement of solution from the vessel C, resulting in an overflow 
at B. This ensured continual renewal of both the bulk and meniscus sur- 
faces. When suction was discontinued a gravity-operated valve A stopped 
the movement of solution from C and the meniscus in the orifice was stabi- 
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lized (zero time). In this apparatus as in that of Fig. 4 the freshly formed 
meniscus surface was connected to a larger surface having the same age. 

The results obtained with n-decyl alcohol (0.012 g./liter) were identical 
with those obtained using the apparatus of Fig. 4 (see Fig. 6). 


E. Results with Capric Acid and Decyl Alcohol 


By using sufficiently dilute solutions of capric acid or decyl alcohol in 
water (approx. 10-4 mole/liter) aging phenomena could be prolonged over 
intervals of a minute or more, and so could be investigated with the falling 
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Fig. 8. Dynamic surface tensions of normal decyl alcohol solutions (20°C.). 


meniscus method. Using the apparatus of Fig. 4 surface tension-age data 
were obtained and the results plotted in Figs. 7 and 8. 


A theoretical interpretation of these data, and of those previously re- 
ported using the oscillating jet method (8), will be published later. 


Erratum 
In Part I of the present series (8) Eq. [1] should be read: 


C= 5 re ) 
6rn” (1 ae ‘ r 4 


410 DEFAY AND HOMMELEN 


where 


Tr + 1s 


All the data in Part I have been derived from this correct formula. 


b Tr, — Ti 
a 


SuMMARY 


The falling meniscus method (based on Rayleigh’s classical capillary rise 
equation) is described for the determination of dynamic surface tensions. 
The work of several previous authors is critically reviewed. The influence of 
evaporation of solute, the extension of surface area, and the pollution of 
the surface being studied by contact with an older surface, are discussed, 
and an apparatus has been designed to eliminate errors caused by these 
effects. 

Dynamic surface tensions are reported for aqueous solutions of n-decyl 
alcohol and capric acid, within the surface age range | sec.-1 min. 
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ABSTRACT 


With the use of accurately obtained values of static and dynamic surface tensions, 
the procedure of Ward and Tordai has been followed to investigate the nature of the 
adsorption mechanism. It was found that with the dilute aqueous solutions of mono- 
alcohols and mono-acids studied, adsorption at the air-solution interface occurred 
in each instance at a rate governed by a diffusion process. Some results obtained by 
other workers are also shown to be consistent with a diffusion mechanism. 

For the dicarboxylic acid studied (azelaic acid) it is necessary to postulate an 
activation energy barrier for the latter part of the aging process. 


J. Intropwuction! 


It has been shown since the work of Dupré (1) in 1869 and Rayleigh 
(2) in 1879 that the surface tension of a freshly formed surface is higher 
than its equilibrium value. 

Milner (3) and Lecomte du Nouy (4) observed slow time effects of the 
tensions of soap solutions and of complex systems (e.g., blood serum), and 
these observations together with the Gibbs adsorption theory have given 
rise to the conception that such time effects are due to the rate at which 
the solute molecules adsorb at the surface. 

The adsorption process may be assumed to occur in two stages: 

1. movement of solute molecules from the bulk to the subsurface (which 
is the layer immediately below the surface layer) ; 

2. movement of the solute molecules from the subsurface into the surface 
layer. 

These stages occur at different rates, and for convenience the time in- 
terval required for (/) is referred to as the diffusion time, and for (2) as the 
real adsorption time. It will be seen that in most of the systems studied the 
real adsorption time can be neglected compared with the diffusion time, 


1 This is the last of a series of three papers presenting measurements of dynamic 
surface tensions and discussing the mechanism of adsorption of heavy alcohols and 
acids in dilute aqueous solutions (6, 7). 
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and for such systems surface aging is dependent only on the diffusion of 
solute molecules towards the subsurface. This assumption, however, cannot 
be regarded as a generalization, and for at least one of the systems we have 
studied it has been shown to be invalid. 

The experimental results obtained by us (5-9) are compared with those 
of previous workers (3, 10-14) and have led to more acceptable values of 
diffusion coefficients than have been deduced by other authors (15). 


Il. Earuier Work 


Various hypotheses have been proposed to explain stage (2) of the ad- 
sorption process (16-29), but these are not further discussed here as it will 
be shown that considerations of diffusion alone are adequate to explain the 
adsorption in most of our systems. 

On this assumption it is possible, if the diffusion coefficient of the solute 
is known, to calculate the number of molecules which arrive at the surface 
in a given time after its formation. Such calculations have been made by 
Bond and Puls (11), Langmuir and Schaefer (12), Ross (13), Doss (14), 
Addison (30-32), Blair (33), and in more detail by Ward and Tordai (15), 
who have considered the influence of increasing concentration in the sub- 
surface (which they regard as having a thickness of a few molecular diam- 
eters) on the diffusion rate. The surface layer is regarded as being approx- 
imately monomolecular. Ward and Tordai assume that thermodynamical 
equilibrium is instantaneously established between the subsurface and 
the surface layer, and they further consider that the concentration of the 
subsurface decreases from the initial bulk concentration (Co) to nearly zero 
immediately after the surface is formed, owing to the migration of solute 
to the surface. The concentration gradient thus formed between the sub- 
surface and the bulk promotes diffusion transport of the solute in the solu- 
tion bulk towards the subsurface. These authors then emphasize that as 
the surface concentration increases, there is an increased probability that 
a solute molecule will not find a “‘site” on the surface and will thus remain 
in the subsurface. As soon as the concentration in the subsurface becomes 
finite, a back diffusion process from the subsurface into the bulk solution 
must be considered. As the concentration in the subsurface approaches 
that in the bulk, so the rate of diffusion away from the surface approaches 
the rate towards the surface. 

Ward and Tordai have shown that if the subsurface concentrations were 
known at each instant, the diffusion of the solute towards the subsurface 
could be treated by applying the classical diffusion equations. By con- 
sidering very short ages only, so that the concentration in the subsurface 
was negligible, they showed that the surface concentration I, (moles/cem.’) 
at time ¢ after surface formation, is given by: 


T = 20,(Dt/r)”, (1) 
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where D is the Fick’s diffusion coefficient, and Cy is the bulk concentration 
in moles/cm.?. 

Furthermore they have shown that when the subsurface concentration 
can no longer be neglected, Eq. [1] can be extended to include an expression 
for back diffusion: 


1/2 41/2 
T=2 (2) {¢ — [ o(z) dit — yh, [2] 
Tv 0 


where z varies from zero to ¢t and where ¢(z) is the subsurface concentration 
at time z after surface formation. 

From Kq. [2] it is clear that in theory either T or D may be calculated 
if one of them is known. The evaluation of the function ¢(z), however, 
presents a difficulty. If instantaneous subsurface surface layer equilibrium 
is assumed, i.e., absence of an activation barrier between these two layers, 
a particular value of the tension (static or dynamic) corresponds to a unique 
value of the subsurface concentration. The relationship between surface 
tension and subsurface concentration ¢(z) can therefore be obtained from 
observations under equilibrium conditions and hence a plot of the equilib- 
rium surface tension against concentration together with the time curve 
of the dynamic surface tensions of a given solution gives the variation of 
¢(z) with time in this solution, without the necessity of making arbitrary 
assumptions regarding the surface concentrations. 

Ward and Tordai (15) have employed a physical artifice which makes 
possible a graphical integration of the second part of Eq. [2]. From the 
curve giving the variation of ¢(z) with time, another graph may be drawn 
showing the relation between ¢(z) and (¢ — z)!/?, the area under which is 


equal to the integral 
t1/2 


$(z) dl(t — 2)". [3] 


If the assumption made above is true, then the surface adsorption I is 
a function of the surface tension—whether it be static or not?—and the 
instantaneous values of I under dynamic conditions may be calculated 
by means of the Gibbs equation using the experimental values of static 
surface tensions. From eq. [2], the diffusion coefficient Deate, may be ob- 
tained (since Cy and the integral [3] are known) and compared with the 
classical values. 

The value of this calculation depends essentially on the accuracy with 
which #(z) and I are known. The function ¢(z) can be determined to within 
5% and [ can be evaluated to within 0.5 X 107!° mole/cm.’, which leads 
to an error of less than 10% in Ddi.. The maximum error in Deatc. is 
therefore about 20% or 10~* cm.?/sec. 


2 The surface tension depends only on both subsurface and surface concentration 
and not on bulk concentration. 
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Values of Deatc. which are lower than accepted diffusion coefficients 
would indicate the existence of an energy barrier at the surface. 

Ward and Tordai used this procedure to calculate diffusion coefficients 
of some normal alcohols using the experimental data of Addison (30-32, 
34-38). The values obtained (Fig. 1) deviated considerably from those gen- 
erally accepted, and it is thought that these discrepancies were due to the 
experimental procedure developed by Addison. Sutherland (39), using the 
vibrating jet method, and Posner and Alexander (40), using a technique 
based on surface potential measurements, failed to reproduce Addison’s 
data for the dynamic surface tensions of aqueous solutions of some aliphatic 
alcohols. The surface potential method as used by Posner and Alexander 


WARD & TORDAI 
after ADDISON’s data 


mo bh D @ 


—y, 


we . No, of cgrbon atoms 
Ge 672) Be Sige) 

Fig. 1. Diffusion coefficients at 20°C. (1) Normal hexyl alcohol; (2) normal heptyl 
alcohol; (3) methyl hexyl carbinol; (4) 2-ethyl hexanol; (6) normal octyl acohol; (6) 
capric acid; (7) normal decyl] alcohol. 


was, however, shown by Addison to be invalid, since the potential still 
varied after surface adsorption was complete. 


Ill. Review or Resuuts In PRESENT INVESTIGATIONS 


It is suggested that the disagreement between our experimental values 
of static surface tensions (5-8), and those previously published are due to 
the lack of sufficient precautions by other workers to exclude solute evapo- 
rational errors. Using our static surface tension data together with the dy- 
namic tension values determined in this work (5-7, 9) diffusion coefficients 
for some aliphatic alcohols were calculated from Eq. [2] (see Table I). 

These values and their limits of error are plotted in Fig. 1, and it is seen 
that except for decyl alcohol they lie near to the classical curve extrapolated 
to include alcohols containing more than 5 carbon atoms. With decyl al- 
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TABLE I 
Calculation of Diffusion Coefficients (20°C.) 

t Co - ee ip D 
Normal hexy] alcohol HORS || Boz S< AOre 3.88 P33) || Bio) 5.7 
Normal heptyl alcohol | 10-2 | 3.44 x 1078 3.88 LES MEee9 ee, 
Normal heptyl alcohol | 10-2 | 2.48 x 107° 2.74 Weal i Giace 5.3 
Normal octyl alcohol 102 | 3.44 < 10°° 3.88 L238 4.9 
Methylhexyl carbinol LORI 1S96 << 105 2.21 0.4; | 4.7 7.0 
2-Ethyl hexanol NOR |) AMOS Oro 2.38 0.6, | 4.2 5.6 
Normal decyl] alcohol 60 Zo DK re 6.6 2.9 | 4.9 ied 
Normal decyl alcohol 60 1el4e >< 1057 10.0 6.5 | 5.7 Both 
Capric acid 60 tad 26 ORY 6.6 4.3 | 4.9 4.5 
Capric acid 60 eh eile 10.0 Goh || Dee 4.2 
Azelaic acid 10-? Ose TS 0.6 | 2.3 0.05 
Azelaic acid 60 10-5 870 300 Meh Wot 6 LO 

t: seconds 


Co: concentration (moles/cm.®) 

I: adsorption (moles/em.? X 107}°) 

D: diffusion coefficient (em.2/sec. X 10~) 
* 22 Co(t/m)¥? & 1077 


41/2 


eK. 2 (z) d\(t = zu < 107 
0 


ql? 


cohol the dilution used was so great that evaporation effects may not have 
been completely prevented. 

In the light of these findings it is suggested that the mono alcohols and 
mono acids studied follow a mechanism of adsorption which is governed 
mostly by diffusion. 

When calculations of the diffusion coefficient for a 10? M solution of 
a dicarboxylic acid (azelaic acid) were carried out it was found that whereas 
the earlier part of the aging process (up to 14 millisec., investigated by the 
vibrating jet (6)) seemed to be governed mostly by a similar diffusion 
mechanism, the data for subsequent aging (up to 1 min.), investigated by 
the falling meniscus (7) would be consistent with the existence of an energy 
barrier at the surface. The fact that Hotta and Isemura (41) had found in 
1951 that adsorption of dicarboxylic acids occurred in two stages—the 
first at a faster rate than the second—would lend support to this mecha- 
nism. Defay and Roba-Thilly (42) suggested the same mechanism in 1954. 


IV. ASSESSMENT OF THE ROLE OF DIFFUSION IN SurFACE ADSORPTION 


In order to examine published surface tension data in systems for which 
reliable ¢(z) values could not be assumed, it is proposed to restrict the 
analyses to surface ages where the tensions have not decreased appreciably 
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TABLE II 
Values of Parameters for Aliphatic Alcohols and Acids 


fh Co log t1 log Bie 
(seconds) (moles/cm.?) Co/D 
Normal hexyl] alcohol 2.5X 107 3.44 X 10° —2.6 —1.6 
Normal heptyl alcohol 4X 10% 2.43 x 10-§ —2.4 —1.4 
Normal heptyl alcohol 2X 1053 3 44x 10" —2.7 —1.6 
Normal octyl alcohol 2X10 3.44 * 1076 —2.7 —1.6 
Normal decyl] alcohol 4 126 SL On 0.6 0.1 
Normal decyl alcohol 1.5 114 1 On8 0.2 —0.1 
Capric acid a 5.05 X 107° 0.85 0.3 
Capric acid 1.5 11.4 X 1078 0.2 —0.1 
Undecylic acid (Dervi- 480 OrSe xe 10m? PAO eal 
chian) 
Eosine/mercury (Kalou- 1400 Ue >< MOU 3.0 13 
sek) 
Laurie acid (Saraga) 2100 1.4 X 10°° 3.3 1.8 
Laurie acid (Frumkin) 6000 1.4 X 107° 3.8 1.8 


from the water value. Under these conditions the back diffusion term in 
Eq. [2] can be neglected. 

It can be seen on our curves (reference 6, Figs. 4, 5, 8, reference 7, Figs. 
6-8) that the surface tension does not decrease appreciably before a par- 
ticular surface age has been attained’ (¢:) which can be approximately 
measured on the curves by extrapolation of the steep part of the curves to 
the value of 72 dynes/em. Equation [2] becomes 


TP = 2(D/x)!?Cot” [4] 


and rearranging 


log t: = 2 log (T/CoW/D) + log 1/4. [5] 


Taking D = 5 X 10-6 cm.?/sec. and T = 2 X 107° moles/cm.?,! values 
of log T'/Cvx/D are calculated for some aliphatic alcohols and acids in 
Table IT and are plotted in Fig. 2. (The t; values are taken from our curves.) 

The data he on a straight line with an intercept only slightly different 
from the calculated value. This slight displacement could be due to the 
neglect of the back diffusion term. 


* The surface tension starts decreasing appreciably when diffusion has driven 
sufficient solute into the surface to form a compact layer. 

‘ These values should be slightly different with the different chemicals used. Mean 
values have been taken to simplify calculation. The f value has been deduced from 
the Gibbs equation using revised values of static tensions (reference 8, Fig. 2). 
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DERVICHIANe 


Fig. 2. Results plotted according to Eq. [5]. 


Table II and Fig. 2 also include the results of the followimg workers; 
these conform to the same pattern and so lend support to the diffusion 
mechanism: 


Dervichian (1956) (43) Undecyl acid aqueous solution 

Kalousek and Blahnik (1955) (44) Eosine solution at water-mercury interface 
(rT = 3 X 10! mole/cm.?) 

Saraga (1956) (45) Lauric acid aqueous solution 

Frumkin (45) Laurie acid aqueous solution 


These last results were obtained on much older surfaces than our own. In 
addition, as acid solutions are here concerned (or a water-mercury inter- 
face), the solute evaporation was not supposed to induce the same experi- 
mental difficulties as those concerning the measurements at the air-water 
interface with alcohol solutions (8). 
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ABSTRACT 


Preparations of sodium humate made by different extractive procedures all showed 
a similar dependence of reduced viscosity on concentration and on added salt despite 
the fact that lignins were present in some preparations and absent in others. The re- 
sults obtained are characteristic of the behavior of flexible polyelectrolytes, and 
suggest that the sodium humate molecule or aggregate must have many single bonds 
in its strueture so as to permit the indicated configurational changes. In the case of 
the purest sodium humate studied the apparent degree of dissociation is only about 


50%. 
INTRODUCTION 


Recently Mukherjee and Lahiri (1) have shown that the viscosity- 
concentration curves of sodium humate prepared from coal have the same 
form as those given by typical linear polyelectrolytes. This is rather un- 
expected in view of the presumption (2) that humic acid has a highly 
condensed ring structure which would be expected to result in a relatively 
rigid molecule incapable of undergoing sufficient configurational change 
with changing counter-ion concentration to account for the observed 
increase in reduced viscosity (n.p/C) with dilution (3, 4). Moreover, humic 
acid as ordinarily obtained is known (5) to contain other materials such as 
polysaccharides, sterols, proteins, and lignins. The last named would cer- 
tainly be expected to behave like a polyelectrolyte on the basis of its 
presumed structure (6, 7), and in fact, lignin sulfonates have actually been 
shown to be flexible polyelectrolytes (8). Hence viscosity measurements 
were carried out on a series of sodium humates obtained from the original 
humic acid complex as well as from humic acids remaining after extraction 
of resins, fats, and lignin-type bodies by solvents such as benzene, alcohol, 
and dioxane. The results obtained confirm the conclusion that humic acid 
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itself behaves as a flexible polyelectrolyte, and thus support Thiele’s 
concept (9) of its structure. 


EXPERIMENTAL 


Materials 


The humic acids used in the present work were prepared from a sample of oxidized 
coal (1) kindly furnished us by Dr. Lahiri. Humic acid I, the acid-insoluble portion of 
the alkali extract of oxidized coal, was prepared as follows: Five grams of oxidized 
coal was refluxed for 2144 hours with 375 ml. of 1 N NaOH, the mixture cooled, diluted 
fourfold with water, and filtered through a sintered glass funnel. The filtrate was 
neutralized with 2 N HCl, and further addition continued dropwise until a precipitate 
was clearly visible, requiring about 180 ml. of acid. After settling 214 hours the super- 
natant solution was decanted. The precipitate was suspended in five successive por- 
tions of 1 liter of water, which were decanted after settling. Since the fifth such sus- 
pension did not settle, it was filtered on a Biichner funnel using *42 Whatman paper. 
The residue was then suspended in a Visking casing and dialyzed until there was no 
test for chloride in the external water (4 days inrunning water and 3 days in still water 
with daily changes). It was then filtered under mild suction, dried under vacuum at 
50°C., and finally to constant weight at room temperature over P,O;. This product 
should be identical with that used by Mukherjee and Lahiri (1). 

Humic acid II was prepared from humic acid I by solvent extraction to remove 
resins, waxes, etc., and mild acid hydrolysis to decompose and remove carbohydrates 
(10). Eight grams of humic acid I was extracted 6 hours in a Soxhlet extractor with 
boiling 1/1 aleohol-benzene, finally giving a colorless solution on replacement of the 
solvent, filtered on *¥1 Whatman paper, washed with alcohol-benzene and then 
alcohol, and dried to constant weight under vacuum at room temperature. Six grams 
of this residue was then kept at 50°C. for 2 hours in 1 N HCl, cooled, filtered, and 
washed thoroughly first with water and then with 20 ml. portions of alcohol. Finally 
it was dried to constant weight under vacuum at room temperature. 

Humic acid III was prepared from humic acid II by extraction with dioxane to 
remove lignin and lignin complexes (11). Two grams of humic acid II was refluxed for 
2 hours with 60 ml. of dioxane containing 0.12% HCI, the first extract being colored 
black. After two further extractions the extract was clear. The residue was filtered, 
washed with water, and dried to constant weight under vacuum at room temperature. 

Humic acid IV was prepared exactly the same as humic acid I, starting with oxi- 
dized coal, except that the final product was not heated to 50°C. but was dried directly 
at room temperature. Thus any decomposition or further condensation possibly 
resulting from heating the dry humic acid at 50°C. is avoided in this preparation. 

In order to prepare sodium humate from these acids it was first necessary to deter- 
mine the total acidic groups since variable results have been reported (9) for the 
end point in a titration depending on the speed of addition of the base. A 0.2 g. sample 
of humic acid dried over P.O; was refluxed for an hour with 20 ml. of alcoholic KOH 
(2.5 g. KOH, 2 ml. CO2-free water, 200 ml. 99% ethanol, centrifuged to remove turbid- 
ity), protected from entry of carbon dioxide by a soda lime tube on the condenser. 
After cooling and filtering, the residue was washed with 90% alcohol until it was free 
of alkali (tested with phenolphthalein), and the filtrate and washings were combined 
and titrated with N/10 HCl. By combining these data with the results of direct titra- 
tion of the alcoholic KOH and correcting with a blank (virtually negligible) the 
amount of KOH required to neutralize 1 g. of the humic acid was determined. The 
equivalent weights calculated from these data are given in Table II. 
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Sodium humate was prepared from the humic acid by the following method. A 1.5 
g. sample of humic acid was allowed to stand for a day with the stoichiometric amount 
of aqueous, CO2-free NaOH until it was completely dissolved. The solution was then 
diluted to a liter with 95% alcohol to precipitate the sodium humate. After separation 
by a combination of decantation and vacuum filtration the precipitate was washed 
with eight successive portions of 75 ml. each of 90% alcohol. It was then dried almost 
to constant weight in a vacuum desiccator at 50°C., and finally to constant weight 
over P20; at room temperature. Samples were kept over P20; until use since all were 
very hygroscopic. 


In this way the following preparations were obtained. 

Sodium humate I—from humic acid I, dried at 50°C. 

Sodium humate IJ—from humic acid IJ, resins and polysaccharides 
extracted. 

Sodium humate IJJ—from humic acid III, resins, polysaccharides, and 
lignins extracted. 

Sodium humate IV—from humic acid IV, dried at room temperature. 


Apparatus and Methods 


The viscosities were determined at a temperature of 30.00° + 0.01°C. in an Ubbe- 
lohde viscometer (12) with a flow time for 5.00 ml. of water of 167.6 sec., and time 
intervals were determined to 0.05 sec. Flow times for benzene and toluene were used 
to determine and check the constants A and B in the equation 7 = pAT’ — pB/T, the 
the values being, respectively, 4.78723 X 10-® and 2.08714 X 107%. Since the specific 
gravity of a 1% sodium humate solution was found to be 1.0004, p, the density, was 
taken as unity throughout. With the viscometer used the kinetic energy correction 
resulting from the second term of the equation was never more than 0.25%. The 
average velocity gradient, calculated as 6 = (8V/37r*t), where V is the volume of 
liquid flowing through a capillary of radius 7 in time ¢ (18, 14), was 1222 sec.-!. All 
solutions were freshly prepared and carefully filtered before use. 

In the case of polyelectrolytes values of specific viscosity Insp. = (7 — 10/no)] 
determined at high rates of shear (1000-5000 sec.1 for capillary viscometers) are 
generally lower than values obtained at low rates of shear (0.3-40 sec. in Couette- 
type instruments) (15), and may even give rise to a different dependence of the re- 
duced viscosity on the concentration of polymer. Moreover, it is not possible to 
extrapolate the data adequately to zero rate of shear unless values are available at 
velocity gradients much lower than those attainable in capillary viscometers (16). 
These defects are not too serious in the present case, however, where the primary 
interest is in the properties of a similar series of samples, in whieh case direct compari- 
son of the reduced viscosity of each under the same high-velocity gradient suffices to 
demonstrate any gross differences between the preparations. Moreover, in the case 
of solutions with added salt where the reduced viscosity varies linearly with the con- 
centration of polyelectrolyte, it has been shown (17) that meaningful extrapolation to 
zero concentration is possible even from relatively high concentrations and with 
data obtained at high-velocity gradients. 


RESULTS AND DISCUSSIONS 


The data obtained are shown in Figs. 1-4, where the reduced viscosity, 
nsp/C, is plotted as a function of the concentration of sodium humate. These 
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Oo 0.2 O4 0.6 08 1.0 
C IN GRM PER IOOML. 


Fig. 1. Reduced viscosity of solutions of sodium humate I. A, Reciprocal of reduced 
viscosity vs. C1; B, reduced viscosity vs. concentration; C, reduced viscosity vs. 
concentration in 0.02077 M NaCl. 


figures also show plots of C/nsp vs. C1? to test the conformity of the data 
to the empirical equation, n5p)/C = A/(1 + BC"), found to hold in the 
case of many polyelectrolytes (3, 18). The effect of progressively increasing 
the salt concentration while holding the concentration of sodium humate 
constant is shown in Table I. 

Perhaps the most significant result of these observations is the demon- 
stration that all four preparations behave in a manner characteristic of 
typical polyelectrolytes. Particularly, the reduced viscosity increases on 
dilution—an effect attributed (3) primarily to extension of the molecular 
coil of a flexible polymer due to increasing dissociation of the ionizing 
groups with dilution, although it has recently been pointed out (15) that 
at the relatively high concentrations here involved concentration-dependent 
interactions between the solute molecules are also important. The effect of 
added salts is likewise similar to that found with typical polyelectrolytes, 
the reduced viscosity being greatly diminished in all cases, curves of reduced 
viscosity vs. humate concentration passing through a maximum at lower 
concentrations of added salt and becoming linear at higher salt concentra- 
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C/N 5p 


oO 0.2 0.4 0.6 0.8 1.0 


C IN GRM PER 100 ML. 


Fra. 2. Reduced viscosity of solutions of sodium humate II. A, Reciprocal of re- 
duced viscosity vs. C12; B, reduced viscosity vs. concentration; C and D, reduced 
viscosity: vs. concentration in 0.02077 and 0.2077 M NaCl, respectively. 


tions. The added salt acts principally (19) to reduce the electrostatic 
interaction by lowering the zeta potential around the charged polymer 
molecule, thus reducing the intermolecular interactions and the viscosity, 
although there is also a small effect on the molecular configuration. 

That the polyelectrolyte behavior is maintained in all preparations con- 
firms the earlier presumption that this is an intrinsic property of the 
sodium humate itself, and shows that it can not be attributed to lignins 
or other bodies associated with the humic acids. The absolute values of the 
reduced viscosity of sodium humate I solutions are in good agreement 
with those of the previous investigators (20), ca. 0.09-0.07 dl./g. They 
are lower than values reported for typical polyelectrolytes (5-56 dl./g. for 
polyvinylbutylpyridinium bromide (21) from a polyvinylpyridine parent 
(22) of molecular weight around 10°) but of the same order of magnitude 
as those of the polysoaps (intrinsic viscosity 0.1-0.04 dl./g. for the dodecyl 
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Fig. 3. Reduced viscosity of solutions of sodium humate III. A, Reciprocal of 
reduced viscosity vs. C1/?; B, reduced viscosity vs. concentration; C, reduced viscosity 
vs. concentration in 0.02077 M NaCl. 


bromide and ethyl bromide quarternization product of polyvinylpyridine 
(23) the intrinsic viscosity of which is 5 dl./g.). 

Extraction of lignin (about 50% of the present humic acid II dissolved 
in acidified dioxane, as might be expected from the fact that peats com- 
monly contain 30 %-60 % lignin) raises the value of the reduced viscosity. 
This is unexpected since lignins supposedly have molecular weights around 
1000, lignin sulfonates 3500-100,000 (7, 8), and humic acids 300-1200 Cis 
and it would be expected that the higher molecular weight material would 
show the greater viscosity. The seeming anomaly may be due to error in 
the reported values of the molecular weights, to use of different methods 
of molecular weight determination on these presumably heterodisperse 
materials, to preferential extraction of low rather than high molecular 
weight lignins by dioxane, or to association of simple molecules of humic 
acid to larger kinetic units in solution, analogous to the micellization of 
soap solutions. 

In view of the good straight lines obtained on plotting C/ Nep VS. Cl? it 
is tempting to extrapolate to zero concentration to obtain the intrinsic 
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Fig. 4. Reduced viscosity of solutions of sodium humate IV. A, Reciprocal of 
reduced viscocity vs. C1/?; B, reduced viscosity vs. concentration; C and D, reduced 
viscosity vs. concentration in 0.02077 and 0.03505 M NaCl, respectively. 


TABLE I 
Reduced Viscosity of 0.8% Sodium Humate IV in Salt Solutions 

NaCl con. Nsp/ CX 10 
(g./100 ml.) (dl./g.) 

0.00 0.8780 

0.10 0.5187 

0.20 0.4989 

0.40 0.4775 

0.60 0.4766 

0.80 0.4760 


viscosity, which is proportional to the molecular weight and is a measure 
of the volume occupied by the molecule in solution. On this basis sodium 
humates I, II, III, and IV give, respectively, 0.133, 0.182, 0.185, and 
0.138 dl./g., again indicative of no great difference between the different 
preparations. The slopes of the lines, which are related to the interaction 
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energy between solute and solvent, are nearly the same for preparations I 
and IV, as might be expected. On a unit weight basis preparation IT inter- 
acts more strongly with the solvent and preparation III less strongly than 
the original composite sample (I and IV). However, it must be emphasized 
(16, 25) that intrinsic viscosities obtained in this fashion by extrapolation 
from results on relatively concentrated solutions can not be attributed to 
individual molecular characteristics. For such an extrapolation is based on 
a curve which is rising with decreasing concentration, whereas it is now 
known that with most polyelectrolytes at sufficient dilution the curve 
reverses itself, and the reduced viscosity decreases with dilution as the con- 
centration approaches zero. For this same reason Fuoss’ viscosity function 
(26), although it fits the present data very well and arranges all the values 
on a common curve, can not be given any physical significance. 

This limitation does not apply to extrapolation of the viscosity results 
obtained in salt solutions in cases where the reduced viscosity varies 
linearly with the concentration, since here the excess salt has swamped the 
effect of electrostatic interactions. In 0.02077 M NaCl solution the extra- 
polated intrinsic viscosities are found to be 0.0434, 0.0448, 0.0490, and 
0.0410 dl./g. for sodium humates I, II, III, and IV, respectively. In 
0.03505 M NaCl the intrinsic viscosity of sodium humate IV is 0.0400 dl./g. 
These results can also be represented very well by Huggins equation (27), 
Nsp/C = [n] + k’[n}?C, where k’, which is a measure of relative polymer- 
solvent interaction, has the values 0.162, 0.146, 0.133, and 0.208 for prep- 
arations I, II, IJ, and IV, respectively. Both the intrinsic viscosities and 
values of k’ are substantially lower than values reported for typical poly- 
electrolytes although the intrinsic viscosities are not greatly different from 
results obtained with polysoaps (23). The absolute values of intrinsic 
viscosity are less than twice the Einstein value of 0.025 for spheres, indi- 
cating that in salt solution these molecules must be tightly coiled to give a 
highly compact structure. This would be expected for an initially extended 
polyelectrolyte molecule which would coil up and contract because of a 
suppression of its dissociation, and consequent reduction in the intra- 
molecular coulombic repulsion, due to the presence of excess positive ions 
from the added electrolyte. 

The effect of salt on the viscosity can be used to deduce still more infor- 
mation concerning the geometrical structure of the sodium humate mole- 
cule and its ion-binding power and configuration in solution. The results 
in Table I, together with the data of Figs. 1-4, show that small amounts 
of salt greatly decrease the reduced viscosity whereas larger amounts have 
only a slight effect, the value rapidly approaching a limit independent. of 
salt concentration. The marked effect of the first additions of salt suggests 
that intermolecular electrostatic interaction is probably the most important 
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factor determining the reduced viscosity in the range investigated (15216, 
19, 25), with the smaller changes in value with increasing salt concentration 
attributable to configurational changes resulting from the effect of added 
salt on the intramolecular interaction of the ionizable groups. 

Further support for the view that sodium humate is a flexible polyelec- 
trolyte rather than a more rigid structure is the existence of a maximum 
in the reduced viscosity-humate concentration curve at low salt concentra- 
tions, as well as the small but nevertheless appreciable change with in- 
creasing salt concentration at constant humate concentration. Apparently 
this behavior, characteristic of flexible, linear polyelectrolytes, is not shown 
by more rigid, noncontractile molecules such as sodium deoxyribonucleate 
(19), where there is no maximum in the reduced viscosity-concentration 
curve and the intrinsic viscosity is constant independent of the salt con- 
centration. Sodium alginate, which is also more rigid than the usual poly- 
electrolytes (17), also behaves in such a way as to suggest that coil contrac- 
tion is less important and intermolecular attraction more important in 
determining the rheological behavior, although here the increasing values 
of reduced viscosity with decreasing concentration indicate some molecular 
flexibility. Since the behavior of sodium humate so closely resembles that 
of the typical synthetic polyelectrolytes, it must be concluded that the 
structure is not exclusively composed of massive condensed rings, but that 
there must be numerous linkages about which relatively free rotation can 
occur, such as the “bridges” postulated by Thiele (9) as an integral part 
of the structure. 

The concentration of sodium humate where the maximum occurs in the 
reduced viscosity-concentration curve in dilute salt solutions can be used 
to derive some information about the extent of binding of sodium ions by 
the humate radical. At concentrations of sodium humate giving a sodium 
ion concentration greater than that from the added salt, as humate con- 
centration decreases the degree of dissociation increases, resulting in an 
expansion of the molecular coil and increasing value of reduced viscosity 
on dilution. However, when the humate concentration reaches a value 
such that sodium ion from the added salt is in excess, this tends to suppress 
the dissociation of the former, with the result that the sodium humate 
becomes more tightly coiled and the reduced viscosity decreases with 
further decrease in concentration. Hence there is a maximum in the curve 
where the concentration of sodium ion from the added electrolyte is just 
equal to that furnished by dissociation of the sodium humate. 

That polyelectrolytes are only partially dissociated has long been known 
(28), and more recently it has been shown (18) that if polyelectrolytes are 
diluted with a salt solution in which the concentration of counter-ion is 
equal to that resulting from dissociation of the polyelectrolyte, the resultant 
curve of reduced viscosity vs. concentration is linear as in the case of un- 
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TABLE II 
Apparent Degree of Dissociation of Sodium Humate in 0.02077 M NaCl Solutions 
isi ea ie i nie al Se eee ee 
Kq. Wt. of Conc. of Na humate Fractional 
Preparation humic acid at max. Dissociation 
(g./equiv.) (g./100 ml.) a 
I 242 0.55 0.997 
II 146 0.39 0.895 
Ill 140 0.60 0.561 
IV 155 0.52 0.707 


ee ee ee SS Eee eee 


charged polymers. The present work shows that sodium humate also is not 
fully dissociated. Taking the sodium ion concentration from dissociation 
of sodium humate at the maximum in the reduced viscosity-concentration 
curve as equal to the stoichiometric concentration of the added sodium 
chloride, and determining the number of equivalents of sodium humate 
present from its concentration and the analytical values of equivalent 
weight, the values of the apparent degree of dissociation, a, shown in Table II, 
were calculated. It is evident that in the case of sodium humate the charge 
field around the humate ion is sufficient to bind a substantial fraction of 
the sodium ion in contradistinction to the behavior of simple electrolytes, 
where sodium salts are usually completely dissociated. 
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ABSTRACT 


Equilibrium conditions and exchange rates of water were determined in systems 
containing rayon, micelles of 2% OT in a hydrocarbon solvent, and solubilized 
water. Above 5.5% regain, the water regain of rayon is linearly dependent on the 
micellar water content. At 25°C., the water regain of rayon in 2% OT solutions is 
the same as in air. This relationship does not hold at other temperatures and at 
relative humidities over 80%. The vapor pressure-temperature relations for micellar 
water and water in rayon are comparable to those for water in concentrated elec- 
trolyte solutions, with the heats of vaporization comparable to those of pure water. 
A modified Raoult’s law holds for the activity of solubilized water. The water may 
be conceived as forming a very concentrated electrolyte solution of the polar ends 
of the detergent molecules. The kinetics of water exchange between micelles and 
viscose rayon fabric were followed by D.2O tracer in the micellar water. A simple 
rate equation applies in the limited range of water contents studied. Every minute 
approximately 0.005 g. water exchanged per square meter of rayon surface. The 
water exchange between micelle and fabric may occur directly or may be mediated 
by water which is in true solution in the solvent. 


INTRODUCTION 


Comparatively little is known about solubilization phenomena in non- 
aqueous systems. Further, it is important in the dry cleaning process to 
understand the nature of water exchange between fabrics and water solu- 
bilized in nonpolar solvents. 

Singleterry (1) has reviewed the evidence that solubilized water is con- 
tained within micelles of oil-soluble detergents. Fulton et al. (2) established 
that a dynamic water exchange exists between the detergent solution, 
fabric, and air phase. In earlier work (3), we presented evidence that similar 
nonaqueous systems contain solubilized water in micellar state. This lipo- 
philic micelle consists of a spherical or near-spherical water core sur- 
rounded by a monolayer of detergent molecules. The size of the micelle 
depends upon the ratio of detergent to water in the system. 


1 Presented in part at the 132nd National Meeting of The American Chemical 
Society, New York, New York, September 8-138, 1957. 
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It was the aim of our present studies to gain an insight into the thermo- 
dynamics of the type of system used by Fulton e¢ al. (2) with micellar struc- 
tures of a chemically defined detergent containing solubilized water and 
at an extended range of temperatures. Micellar systems of 2% di-(2- 
ethylhexyl) sodium sulfosuccinate, viscose rayon, and varying small 
amounts of added water in a hydrocarbon solvent were investigated. 
Equilibrium water vapor pressures were determined at several temperatures 
for varying amounts of water in the detergent micelles and in the viscose 
rayon. The other part of our investigation was the determination of the 
exchange rate of water in equilibrium between detergent micelles and 
viscose rayon. 


Water EQUILIBRIUM 


When fabrics are immersed in a nonpolar medium containing solubilized 
water an equilibrium will be established between the water content of the 
solution and the water in the fabric. 


1. Materials 


The di-(2-ethylhexyl) sodium sulfosuccinate (Aerosol OT) and n-dodec- 
ane used have been described (3). The hydrocarbon solvent was Shell Sol 
140, an aliphatic hydrocarbon fraction of boiling range 185°-208°C. from 
the Shell Oil Company, New York. The textile fabric used in all experi- 
ments was white filament viscose rayon purchased from A. 8. Heineman, 
Inc., New York, counting 30 by 40 threads per square centimeter. The 
water used in all experiments was triple distilled. Deuterium oxide was 
obtained from the Stuart Oxygen Co., San Francisco, California, in 99.5% 
strength and was diluted 1:10 with water before use. 


2. Method 


Water equilibrium between detergent solution, rayon fabric, and vapor 
phase was established in an apparatus similar to Fulton’s (2), consisting 
of a 1-liter three-neck round-bottomed flask containing 500 ml. of a solution 
of 2% Aerosol OT in Shell Sol 140, two suspended fabric swatches about 
4 & 4 em. in size each weighing 0.20 + 0.03 g. and varying amounts of 
water. For experiments at low water content the rayon swatches were pre- 
dried at 50°C. in order to approach water equilibrium uniformly under 
conditions of adsorption. A constant rapid stream of air was recirculated 
through the liquid and, after trapping the liquid spray in glass beads, over 
the sensing element of an electric hygrometer. This hygrometer was an 
American Instrument Company type in which all plastic parts had been 
replaced by Kel-F and Nylon, making it resistant to the action of solvent 
vapors. The relative humidity readings were accurate to —£1.5%. Water 
vapor pressures were calculated from the relative humidity readings at 
each temperature. Flask, sensing element, and solvent trap were enclosed 
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in a constant-temperature cabinet and the vapor phase was recirculated 
through the system until no further change of relative humidity or tempera- 
ture was observed, but at least for 30 minutes to attain complete water 
equilibrium in the three phases. 

After the end of each run the fabrics were removed and freed from adher- 
ing detergent solution by rinsing in pure solvent. The water content was 
determined in the solvent and in the fabric swatches. Karl Fischer reagent 
in an automatic Beckman Aquameter was used for the water determination. 
The dry weight of the rayon was determined after drying overnight in an 
oven of 100°-105°C. 


3. Equilibrium Data 


For convenient reference Fig. 1 shows the vapor pressure data plotted 
as a function of the water which is solubilized in the 2% Aerosol OT micelles 
for six temperatures in the range of 13°-46°C. 

The data represented in Fig. 2 show that the water regain of rayon is 
linearly dependent on the quantity of water which is solubilized and inde- 
pendent of the temperature in the range 13°-35°C., considering only the 
water above 5.5% regain. The positive intercept on the regain axis suggests 
that the first 5.5% water of regain are more strongly bound than subse- 
quently sorbed water. A similar phenomenon is shown by viscose rayon 
which is in equilibrium with atmospheric moisture. 


AEC 


VAPOR PRESSURE (mm Hg). 


%WATER IN SOLVENT 


Fig. 1. Water vapor pressure in mm. Hg versus % water content in 2% Aerosol 
OT solutions (wt./vol.). 
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Fig. 2. Per cent water regain in viscose rayon versus per cent water in solvent 
(wt./vol.) in 2% Aerosol OT solutions (wt./vol.). 
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Fic. 3. Activity of water (determined as relative humidity in air) versus per 
cent regain of viscose rayon in air (solid line), and in 2% OT solution at 24°C. (X). 


A comparison of the water regain of rayon in air, which is known (4), 
and that determined in 2% OT solutions of varying water content and 
corresponding water vapor pressures is shown in Fig. 3. For room tem- 
peratures (24°-25°C.) and in the range of micelle formation the regain of 
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rayon in solvent is practically identical to that in air. At extremely high 
relative humidities (over 80%), where the micellar range merges with that 
of emulsions, some discrepancies are noted. Although not shown in Fig. 3, 
the same results are obtained for 13°C., 18°C., 30°C., and 46°C. 

As has been established for aqueous systems (5-7) solubilization reduces 
the vapor pressure of the solubilizate. The vapor pressure of water which 
is micellarly solubilized in a hydrocarbon solvent is likewise less than that 
of pure water at the same temperature. 

In Fig. 4 the logarithm of the vapor pressure is plotted versus the recip- 
rocal absolute temperature for various micellar water contents. The top 
line A represents pure water. The solid lines below it represent 0.6 %- 
0.05% of solubilized water in 2% OT solution. Similar linear vapor pres- 
sure-temperature relationships exist for water in rayon at different regains. 


PRESSURE 


LOG VAPOR 


3.2 30S 3.4 


Wipae 

Fic. 4. Relation of the log of the water vapor pressure (in mm. Hg) to the re- 
ciprocal of the absolute temperature for 0.6% (1), 0.2% (2), 0.1% (3), 0.05% (4) sol- 
ubilized water in 2% OT micelles; pure water (A), 10 g. NaCl in 100 g. H.O (B) 
35 g. NaCl in 100 g. H:O (C), 85 g. NaClO; in 100 g. H,O (D). , 
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The vapor pressure-temperature relations for micellar water as well as 
those for water in rayon are comparable to those for water in concentrated 
inorganic electrolyte solutions as shown in lines B, C, and D of Fig. 4. Cal- 
culated heats of vaporization of water are close to that of pure water. 


Kinetics of Water ExcHANGE 


The second part of our investigation was concerned with the kinetics 
of the water exchange after water balance has been reached between fabric 
and micelles in dodecane. All the water incorporated into the detergent 
micelles is tagged with 10% deuterium oxide. Starting with a certain water 
vapor pressure, for which the amount of H,O-D,O added to the solution is 
known to be in equilibrium with the water in the fabrics, the total water 
content of each phase, i.e., detergent solution and fabric, will remain un- 
changed. The D.O content in the solution, however, will be reduced from 
its original value at the start of the run according to the speed of the water 
exchange. The solubility of water in pure dodecane has been estimated at 
less than 0.001% and is therefore considered negligible in these experi- 
ments. 


1. Method 


The exchange rate of D.O between micelles and fabric was determined 
in a Lucite container holding 500 ml. solution of 2% Aerosol OT and a 
H,0-D.O mixture in dodecane. Into this was quickly immersed (and 
sealed) a Monel rack on which were hung 20 viscose rayon swatches, 
6 X 3 inches in size. Prior to the experiment the fabrics had been condi- 
tioned overnight at constant temperature and predetermined equilibrium 
relative humidity. Magnetic stirring at a constant speed of 500 r.p.m. was 
provided. At the end of each experiment the fabrics were quickly removed 
from the detergent solution. The H.,O-D:O mixture was quantitatively 
separated from the dodecane solution by refluxing over a water trap. The 
isolated water mixture was freed from traces of impurities in a specially 
designed micro-still. In this apparatus from 0.4 ml. to 1.0 ml. water was 
frozen in dry ice and completely recovered after evacuating and subsequent 
regaining of room temperature. The D.O content of the mixture was deter- 
mined in a LaMotte falling-drop densiometer. The dropping time of the 
sample of unknown D,O concentration was compared with that of water 
samples of known D.O concentrations (8, 9). 


2. Rate Equation 
The exchange reaction at equilibrium may be written as follows 


(H:0 + D,0) in solvent 2 (HO = DO) in fabric [1] 
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The following quantities are defined: 
ais grams H,O + D,0 in solvent; 
b is grams H,O + D.O in fabric; 


c is grams D,O, total; 


z is fraction in solvent at time ¢; 


2 
H.O + D20 


y is fraction in fabric at time ¢; 


__DO 

H.O + D0 

k is rate of transfer from solvent to fabric in grams water per minute per gram 
water in solvent. 


From these definitions follows: 
ax + by =c. [2] 


Neglecting isotope fractionation effects in this system the rate equation 
may be written as 
d 


os = —ke + hy. (3) 


Substitution and integration yields 


( c 
= — —— } e-[(atd)/b]ke + ——— 4 
x (x - :) é e b [ ] 


Calculations of k in Eq. [4] were carried out from data in Table I: 


a was calculated from column 3 and a solvent volume of 500 ml. 
b was calculated from column 4 and dry weight of fabric of 20 g. 
cis 10% of a. 

Gey = (Oeil 

az is determined experimentally for time ¢. 


3. Results 


Several preliminary experiments conducted with fabrics which had been 
conditioned at 75% relative humidity to attain a regain of 15%, (in equilib- 
rium with 0.24% water solubilized in the 2% Aerosol OT solution) showed 
that exchange of water was taking place at a rate too rapid for accurate 
determination by this method. 

At regains of 12%-13 %, obtained by conditioning rayon near 65 % rela- 
tive humidity, which is in equilibrium with 0.15%-0.16% water in the 
solvent and at a temperature of 30°C., the rate constant was calculated 
from Eq. [4] to be 0.13-0.14 as shown in Table I, column 7. Calculations 
of the rate constant for 6-, 7.5-, and 11-minute runs lead to constant values 
for k and give confidence in the validity of Eq. [4]. Small temperature and 
regain variations did not change the rate constant significantly. 
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TABLE I 
Exchange Rate of D2O between Rayon and 2% OT in Dodecane 


1 2 3 4 5 
Temp. % Rel. % HO + D20 | % Regain | Time of run % D:0 in Rate sore 
humidity in solvent water after 

° Tun 

(G9) (wt. /vol.) (wt./wt.) (min.) (wt./vol.) k 

30 63 0.164 12.3 6 5.1 .14 

30 61 0.152 12.0 eo on fi 13 

30 63 0.162 13.0 11 ono) 13 

20 59 0.150 Ta 6 4.8 .14 


According to Rowen and Blaine (10) 1 gram of rayon has an adsorptive 
surface of 0.98 m.’. On this basis, every minute approximately 0.005 g. of 
water exchange per square meter of the viscose rayon surface. 


DIscussiIon 


Fulton et al. (2) concluded that at equilibrium, fabric immersed in solvent 
containing solubilized water has the same water regain as fabric in the 
vapor phase. Our results confirm this conclusion with experiments carried 
out at 24°C. and below 80% relative humidity. However, above 80% rela- 
tive humidity, as may be seen from Fig. 3, fabric immersed in solvent re- 
gains more water than fabric in air at the same relative humidity. This 
difference becomes greater with increase of temperature to 46°C. 

It should be pointed out that there is no thermodynamic requirement 
for equality of regain by fabric in the two phases. It is of interest that the 
regain of rayon immersed in the solvent phase at constant relative humidity 
was found to be independent of temperature in the range 13°-46°C. Hess 
(11) reports similar results between 20° and 40°C. In contrast, regain of 
rayon in air at constant relative humidity is markedly decreased with 
increase in temperature (4). 

The plot of solubilized water versus water vapor pressure fits a modified 
form of Raoult’s law as given by Dole (12). Figure 5 shows a plot of p2°/ps 
versus 7;/n2, where p2° is vapor pressure of pure water, where pz is the 
vapor pressure of micellar water, and where 7, and nz refer, respectively, 
to moles OT and moles water. This plot, a reciprocal form of the plot given 
by Dole, was recently used by Brady and Huff (7) in treatment of vapor 
pressure data of solubilized benzene in aqueous detergent solutions. The 
solubility of water in the hydrocarbon solvent is very small and has there- 
fore been neglected. 

To facilitate comparison of the analogous micellar systems the results 
are expressed in the form 


Pa tale [51 
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Values of kiz (Table II) are close to ideal (Raoult’s law requires 
f = ky = 1) and are unlike those for the aqueous system which lie between 
1.7 and 2.0. The quantity f increases in general with temperature and lies 
between 1.20 and 1.81. Brady and Huff have interpreted their values of f, 
which average at 0.75, as indicating that only 34 of the detergent molecules 
are available for solubilization of benzene in the hydrocarbon portion of 
the molecule. Water in the core of the lipophilic micelle, however, may be 
thought of as forming a very concentrated solution with the electrolyte 
represented by the polar end of the detergent molecule. 

Each molecule of detergent contributes a maximum of two ions toward 
interaction with solubilized water. Values of f less than 2 may possibly be 
regarded as indicating a reduced availability of detergent ions. 


0.4 0.8 1.2 1.6 
n 
\/"9 


Fra. 5. Reciprocal plot for solubilized water in 2% OT solution at: 24°C. (O), 
35°C. (+), 46°C. (X). 


TABLE II 
Constants of Equation [5] 
Temperature : 
(°F) 55 65 75 85 95 115 


kip 1.09 1.09 1.09 oil 1.08 1.08 
f 1.20 1.20 1.25 1.38 1.30 ite} 
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LIQUID 


Fic. 6. Schematic representation of mechanism of direct exchange of micellar 
water. 


Stokes and Robinson (13) have interpreted vapor pressure data for elec- 
trolytes in the concentration range of 7 molal to 20 molal as an adsorption 
phenomenon. Values for the heat of adsorption of water in the first hydra- 
tion layer are in the range of 1 to 3 kilocalories in excess of the heat of 
liquefaction of pure water. This excess heat of adsorption is largely elimi- 
nated in subsequent layers of hydration. The heat of sorption of water into 
the micelle, however, is very nearly the same as the heat of liquefaction 
of pure water. This suggests a reduced availability of hydration sites on 
detergent ions in the micelle, a possible consequence of the special “lattice”’ 
form of the lipophilic micelle. 

Two suggestions for the mechanism of exchange of water in nonaqueous 
micellar solutions may be considered. First, exchange of micellar water 
with water in the vapor phase or the fabric phase may be mediated by 
water in true solution in the hydrocarbon solvent. Second, direct exchange 
of micellar water may occur without passage of water through a solution 
state. This latter mechanism is illustrated schematically in Fig. 6. 

The absence of significant surface tension alteration by detergent and 
water in this system, however, implies that only a very small portion of the 
solvent surface may contain detergent micelles in highly dynamic inter- 
change of molecular components. Calculations of diffusion rates for micelles 
and for dissolved water indicate that diffusion is not a rate-limiting step in 
the exchange of water between phases. 
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ABSTRACT 


The relationship between the reflectances of colored emulsions (oil-in-water) 
and the surface-average diameter of their dispersed phases was investigated. The 
dispersed oil phases of the emulsions contained a red azo dye (l1-xylyl, azo-2-naph- 
thol) so that reflectance at 450 my was a function of both scattering and absorption 
by the emulsions. Reflectances at wavelengths at which the colored internal phase 
partially absorbed the incident light were found to be inversely proportional to the 
surface-average particle diameter raised to some power, k. The relationship between 
reflectance and surface-average particle diameter was independent of particle size 
distribution. Examples are given to show the applicability of the technique to evalua- 
tion of different emulsion stabilizers and to studies of the kinetics of emulsion coales- 
cence. Some of the emulsions studied displayed limited coalescence. The mode of 
coalescence up to the point of limiting particle size followed first-order kinetics in 
which the rate of decrease in specific interfacial area at any given time was propor- 
tional to the specific interfacial area at that time. 


INTRODUCTION 


Several methods have been used to evaluate stabilities of emulsions, 
ranging from simple estimates of shelf-life to complex and time-consuming 
determinations of particle size distribution of the dispersed phase (1, 2). 
Application of optical methods to determination of emulsion particle size, 
with reference to emulsion stability studies, has received little attention. 
Langlois et al. (3) investigated the relationship between the specific inter- 
facial area of emulsions composed of nonabsorbing components, and the 
transmission of light by the emulsions relative to the continuous phase. 
An optical probe which could be dipped into the emulsions was used for the 
transmission measurements. The relative light transmission J)/J was related 
to interfacial area A by the following equation: 


eee eee 


The term 8 was a constant found to be a function of the ratio Na/Ne of the 
refractive indices of the disperse and continuous phases, respectively. 
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Schulman and Friend (4) investigated light scattering in emulsions 
composed of oleic acid, potassium hydroxide, p-methylcyclohexanol, and 
water. Particle sizes of the dispersed phases of the emulsions were ex- 
tremely small, ranging from 100 to 400 A. in diameter. None of the emul- 
sion components was light absorbing. The emulsions were studied at 
relatively high concentrations of the dispersed phase so that secondary 
scattering effects were observed. 

This paper describes a reflectance technique for determining surface- 
average particle diameters in oil-in-water emulsions containing 50 volume 
per cent of dispersed phase. The technique is applied to studies of the stabil- 
ities of paraffin oil emulsions containing different starches, starch deriva- 
tives, water-soluble gums, and surfactants. 


MATERIALS AND METHODS 


Sufficient amounts of a red dye, FDC Scarlet B (1-xylyl, azo-2-naphthol, 
H. Kohnstamm and Co., Chicago, Illinois), were dissolved in the different 
oils used in the following studies to bring them to a uniform absorbancy 
of 0.710 at 450 mu.’ Absorbancy was checked in a Beckman DU spectro- 
photometer using 1-cm. cuvettes with inserts which reduced the absorbing 
path to 0.099 cm. Water was used as a reference liquid. Paraffin oil and 
kerosene each required 0.1735 g. of Scarlet B per liter of solution; corn oil 
required only 0.1685 g. of dye per liter to give absorbancy of 0.710 since its 
absorbancy at 450 mu was 0.021 before addition of the dye. 

The different emulsion stabilizers were dissolved or dispersed in water 
at a concentration of 1 g. per 100 ml. before adding the oil. The following 
stabilizers were used: 80-fluidity corn starch; hypochlorite-oxidized corn 
starch; corn starch methyl! ether (0.1-degree of substitution); corn starch 
sulfate (0.016-degree of substitution); gum tragacanth, purified; “Meth- 
ocel HG” (methyl cellulose, Hercules Powder Co.) ; ‘“‘Pluronic 68” (poly- 
oxyethylene polyoxypropylene, Wyandotte Chemical Co.); ‘‘Kelcoloid 
HV” (Kelco Corp.); “Arquad 18” (N,N-dimethyl, N-octadecyl qua- 
ternary ammonium chloride, Armour and Co.); and ‘“Duponol Mh” 
(sodium lauryl sulfate, du Pont). Degree of substitution represents the 
number of substituent groups introduced per glucose unit of starch. ‘‘Fluid- 
ity” is a measure of the reduction in the viscosity of acid-modified starches. 
These terms, as well as descriptions of the various commercial modified 


1 Absorbancy, A, , is defined as follows: 
A, = logio T/T 
Here 7’, is the overall transmittance of a cell of specified absorbing path containing 


water as reference liquid, and 7’, is the overall transmittance of a duplicate cell 
containing the oil solution of dye. 
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starches, are more fully described by Kerr (5). The method for dispersing 
the starches or starch derivatives was as follows: 


The requisite amount of starch (calculated to dry basis) was added to 300 ml. of dis- 
tilled water in an 800-ml. beaker fitted with a cover and stirring device. After the 
starch was uniformly suspended, the mixture was heated in a boiling water bath for 
15 minutes with continuous stirring. It was then cooled in a water bath at room tem- 
perature for 15 minutes and a few drops of phenyl mercuric acetate solution (10% in 
formamide) was added to prevent spoilage. The cooled dispersion was then adjusted 
to pH 6.0 with 0.1 N NaOH or HCI solution. 


Preparation of Emulsions 


Equal volumes of oil and aqueous phase (prepared as described above) 
were combined and stirred manually to form a coarse emulsion. The latter 
was then passed four times through a motor-driven, valve-type homoge- 
nizer (Logeman Mfg. Co.) to obtain a fine dispersion. All emulsions were 
oil-in-water. 

Reflectance Determinations 


Cylindrical glass cups 26 mm. in diameter and 12 mm. deep with flat 
ground rims were used as sample holders in the determination of reflec- 
tances of colored emulsions. The cups were filled to overflowing with the 
emulsions, and 1-inch square microscope coverglasses were placed over the 
top and pressed down to squeeze out any excess. Reflectances of duplicate 
samples were then determined immediately at 450 my (slit width = 0.53 
mm.) in a Beckman Model B spectrophotometer fitted with reflectance 
attachment, using as reference a vitrolite block calibrated against a freshly 
prepared magnesium oxide surface (6). The thicknesses of the emulsion 
samples were such that any increase in thickness did not change their 
reflectances so that, for practical purposes, the values reported here are 
equivalent to reflectance at infinite sample thickness. Precision of the 
technique was +0.1% reflectance. 


Determination of Emulsion Particle Size Distribution by Microscopy 


Particle size distributions of the different emulsions were determined in 
duplicate. Samples of emulsion were diluted with about 50 volumes of a 
2% solution of Pluronic F68 and mounted on microscope slides with cover- 
glasses. Photomicrographs were then made on 5 X 7 inch cut film using a 
Bausch and Lomb microscope equipped with camera and calibrated eye- 
piece. An image of the calibrated scale of the micrometer eyepiece was 
recorded on the film thereby allowing accurate determination of the mag- 
nification factor. An exposure time of 0.02 second was used so that motion 
of the suspended emulsion particles due to Brownian movement was 
effectively “stopped.” The finished negatives were placed on a milk glass 
plate illuminated from the bottom, and the diameters of 200 to 500 droplets 
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determined. The results were then classified according to particle diameter 
to obtain the particle size distribution. “Surface-average particle diam- 
eter” (D) is defined and calculated as follows: 


nN; d;° 
Dis om de H 


where n, is the number of particles with diameter d; . Average precision of 
the mean of duplicate determinations was +2% of the reported values. 


RESULTS AND DISCUSSION 


In the course of experiments on emulsion stability, it was noted that the 
intensity of the color imparted to corn oil emulsions (oil-in-water) by the 
yellow pigments normally present in corn oil was diminished considerably 
by reducing the average particle size of the emulsion. For example, a corn 
oil emulsion with an average particle size of 3 microns was lighter in shade 
than a similar emulsion with an average particle size of 30 microns. Experi- 
ments were run to determine the specific relationship between the reflec- 
tance of colored emulsions and the average particle size of the dispersed 
phase. 

Five different emulsions were prepared, each containing 50 volume per 
cent of corn oil containing the red dye Scarlet B as previously described. 
The emulsions were made using aqueous solutions of different stabilizers 
known from previous experience to yield emulsions of widely different 
average particle diameters. Reflectances of the emulsions were determined 
at 450 mu. Surface-average particle diameters of the internal phases were 
then determined by microscopy. Table I shows compositions of the emul- 
sions with results typical of the reflectance and particle diameter determina- 
tions. When reflectance was plotted against surface-average particle diam- 
eter on logarithmic paper, a straight line was obtained as shown in Fig. 1. 
Figure 1 also shows the results of similar experiments wherein the reflec- 
tances of emulsions containing 50 volume per cent of colored kerosene or 
paraffin oil were determined and plotted as a function of surface-average 


TABLE I 
Reflectance and Surface-Average Particle Diameter of Corn Oil Emulsions 


Burnicion Stabiliher Per cent reflectance Surface-average particle 


at 450 my diameter (microns) 
Gum tragacanth 13.4 23.5 
Gum tragacanth 14.6 19.3 
Gum arabic 20.3 10.3 
‘“Kelcoloid HV”’ 37.8 2.96 


“Pluronic F68”’ 41.8 2.52 
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PARAFFIN OIL 


CORN OIL 


% REFLECTANCE (at 450 mp) 


KEROSENE 


| 5 io 3615 25 35 
SURFACE— AVERAGE DIAMETER (microns) 


Fie. 1. Reflectance of various emulsion systems versus surface-average particle 
diameter. 


particle diameter. The data for the kerosene emulsions were obtained by a 
slightly different technique. Two emulsions (A and B) were prepared, 
each containing 50 volume per cent of kerosene colored with Scarlet B. 
The surface-average particle diameters of the emulsions were then deter- 
mined microscopically. A third emulsion (M) was prepared by mixing four 
parts (by volume) of emulsion A with one part of emulsion B. The surface- 
average particle diameter of the mixture (D,,) was then calculated as 
follows, 

= Dp; DP, ate P) [2] 

CD; P, oF Ds Ea) 


where P, is the proportion (in the mixed emulsion) of emulsion A having 
particle diameter D, , and P» is the proportion of emulsion B of particle 
diameter D; . The fact that the particle size distribution of the mixed emul- 
sion M was radically different than that of either of its component emul- 
sions A and B, establishes conclusively that the logarithmic relationship 
between reflectance and surface-average particle diameter indicated by 
Fig. 1 is independent of particle size distribution. 

The relationship between per cent reflectance (R) and surface-average 
particle diameter (D) can be expressed by the following equation: 


log R = —k log D + loge [3] 


Dn 
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or alternatively, 


if 
4 
iT 


[4] 
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/ \ -. ¢ y F 
where k and ¢ are constants characteristic-of t 19" emulsion system. 


i 


Surface-average particle diameter i /Aipversely related to the specific 
interfacial area (A) of a given emulsion’ as follows, 


: 6 
| ea _ [5] 

{ ‘ 
where f is the volume fraction of dispersed phase. Thus, the reflectance is 
proportional to the specific interfacial area of the emulsion raised to the k 
power, 


Ra cl Ar [6] 


where c’ = c/(6f)*. 

Values of the constants k and c for the emulsion systems shown in Fig. 
1 are given in Table II. The values shown in Table II for these constants are 
valid only for the emulsion systems described, i.e., for systems containing 
50 volume per cent of internal phase with the absorbancy of the dispersed 
phase equal to 0.710 as stated previously. Also, the ratio of the refractive 


TABLE II 


Values of the Constants k and c for Three Different Emulsions 
Containing 60 Volume Per Cent of Colored Oil Phase 


Disperse phase k Cc 
Kerosene 0.558 55.8 
Corn oil 0.500 64.0 
Paraffin oil 0.548 76.4 

TABLE III 


Absorbancies of Paraffin O1l Containing 0.1735 Gram of Scarlet B 
Per Liter of Solution 


Wavelength (mu) Absorbancy® 
450 0.710 
525 0.596 
530 0.469 
535 0.300 
540 ONl72 
545 0.095 
550 0.052 


3 Determined in Beckman Model B spectrophotometer at slit width of 0 20 mm. 
using cuvettes of 0.099 cm. absorbing path. 
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Fra. 2. Reflectance of paraffin oil emulsions at different wavelengths of incident 
light versus surface-average particle diameter. 


indices of the continuous to the dispersed phase affects the values of the 
constants k and c. No specific data on the influence of refractive index 
ratio was collected other than the observation that the greater the ratio, 
the greater the value of the constant c. This is to be expected since the light 
scattering ability of a dispersion increases with an increase in the relative 
refractive index ratio of its components. 

It is of interest that the numerical value of the constant k can be deter- 
mined solely from reflectance data without recourse to particle size dis- 
tribution determinations. Two emulsions A and B are made up having 
widely different particle sizes (e.g., kerosene emulsions A and B described 
above), and a third emulsion M is prepared by mixing emulsions A and B 
in known proportions. Reflectances of the emulsions are then determined. 
The following equation, derived from Has. [2] and [4], may be used to cal- 
culate the numerical value of k by the process of iteration (7), 


i) 
log (= 


i pM ea A 
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where R, , R,, and R,, are the reflectances of emulsions A, B, and M, re- 
spectively, and P, and P, are the volume fractions of A and B in the mix- 
ture. Also, the values of the factors in Eq. [7] are assigned so that Ra > 
Re > &;,and P, - P, = 1. 

An experiment was run to determine whether the logarithmic relation- 
ship between reflectance and surface-average particle diameter was valid 
at different wavelengths of incident light. Several emulsions of different 
particle size were prepared containing 50 volume per cent of colored paraf- 
fin oil. Reflectances of the emulsions were determined at 450 my and 
particle diameters determined by reference to the plot in Fig. 1. Reflec- 
tances of the emulsions were again, determined at several other wavelengths 
over a range where the absorbancies of the colored paraffin oil differed 
considerably, as shown in Table III. Figure 2 shows graphs of per cent 
reflectance of the paraffin oil emulsions (plotted on logarithmic scales) 
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Fie. 3. Stability of paraffin oil emulsions containing various starches and starch 
derivatives: (A) 80-fluidity corn starch, (B) hypochlorite-oxidized corn starch, 
(C) 0.1-D.S. corn starch methyl ether, (D) 0.016-D.S. corn starch sulfate. 
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against surface-average particle size. The results show that the relation- 
ship described by Eq. [3] holds at the different wavelengths. 


Stability of Paraffin Oil Emulsions 


A method for evaluating emulsion stability was devised, based on the 
reflectance experiments above. Emulsions containing 50 volume per cent 
of paraffin oil colored with Scarlet B were prepared as previously described, 
using 1 % solutions of several different stabilizers. Reflectances of the emul- 
sions at 450 my were determined immediately after homogenizing, and ini- 
tial surface-average diameters were calculated by reference to the plot in 
Fig. 1. Several 100-ml. samples of each emulsion were placed in 4-oz. jars, 
tightly capped, and stored at room temperature (28 + 5°C.). In order to 
determine the change in average particle diameter as a function of storage 
time, reflectances of samples of the different emulsions were measured at 
progressive intervals during the storage period. A different sample of each 
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Fia. 4. Stability of paraffin oil emulsions containing various water-soluble gums 
and surfactants: (A) gum tragacanth, (B) “Methocel HG,” (C) ‘‘Pluronics F68,”’ 
(D) ‘‘Kelcoloid HV,” (£) “Arquad 18,” (F) ““Duponol ME.” 
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emulsion was used for each reflectance determination. The emulsions 
“creamed” in some instances, so that the emulsions were shaken gently 
just before determination of reflectance in order to redistribute the par- 
tially creamed oil phase. 

Figures 3 and 4 show the results of stability studies on emulsions con- 
taining several different starches, starch derivatives, and surfactants. 
Surface-average particle diameter is plotted on a logarithmic scale, and 
emulsion age is plotted on a linear scale. The emulsions shown in Fig. 3 
were unstable, with the exception of the preparation stabilized by the 
starch sulfate derivative. The emulsions stabilized by 80-fluidity corn 
starch, hypochlorite-oxidized corn starch, and corn starch methyl ether 
displayed limited coalescence, i.e., coalescence of oil droplets progressed 
until a limited particle diameter was reached, whereupon coalescence 
stopped. Figure 4 shows the results of stability determinations on emul- 
sions containing different water-soluble gums and surface-active agents. 
The surfactants gave highly disperse stable emulsions, as likewise did the 
“Kelcoloid HV.” Gum tragacanth gave an emulsion which was stable but 
relatively coarse. 

The portions of the curves shown in Fig. 3 during the periods of active 
coalescence (i.e., up to the points of limited coalescence) approximate 
straight lines. Thus, the rate of decrease in specific interfacial area at a 
given time was proportional to the specific interfacial area at that time. 
Since specific interfacial area simulates a concentration factor (interfacial 
area per unit volume of oil), the coalescence behavior of the emulsions 
shown in Fig. 3 simulated a first-order reaction. First-order kinetics in 
emulsion coalescence has been suggested by Lotzkar and Maclay (8), 
who studied coalescence rates (rates of decrease in specific interfacial 
area) of emulsions containing 25, 40, and 60 volume per cent of olive oil, 
cottonseed oil, and mineral oil stabilized with pectin, tragacanth, karaya, 
and acacia gums. They determined interfacial areas microscopically by 
means of size-frequency analyses. However, the precision of their analyses 
was such that no definite statement as to first-order dependence was made. 
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LETTER TO THE EDITORS 


MEASUREMENT OF THE MAGNETIZATION OF THIN FILM 


An electron beam is deflected by a magnetic field (Lorentz effect). This effect is 
observable in a diffraction pattern obtained from a ferromagnetic substance. Since 
a thin film gives rise to a distinct diffraction pattern, it is convenient to study the 
magnetization of it by the electron diffraction process. 

A film of nickel was deposited electrolytically onto a brass film. The deposited 
film (thickness: about 5 microns, size: 5 X 5 mm.) was isolated by dissolving the 
brass film in a dilute nitric acid. One piece of permanent magnet (size about 0.5 
mm.) was attracted to the edge of the nickel film thus prepared, as illustrated in 
Fig. 1. An incident beam passed through a pin hole (about 0.05 mm.) found in the 
film. Such a pin hole is frequently produced in an electrodeposited film. 

A process of double exposure with a nonferromagnetic gold foil was employed 
in order to measure the deflection of the incident beam caused by the magnetic field 
of the specimen. A diffraction pattern of the gold foil was photographed beforehand 
and then that of the specimen was superposed upon it. During this process, the 
wavelength of the incident electrons and the position of the photographic plate were 
kept fixed. The double diagram obtained in this way is shown in Fig. 2. Here the 
diffraction rings are eccentric as the result of the Lorentz effect. The deflection AZ 
of the incident beam caused by the specimen is calculable from the ring eccentricity, 
as is illustrated in Fig. 3. That is 

1-2 


AZ = Se = 0.142 cm. 


Under the experimental arrangement we have a relation between AZ and the mag- 
netization B of the specimen: 
oe 


: eLy 
AZ = i Bal Ss eBal, [1] 
mv Jo h Jo 


where ¢ means the electron charge (1.6 X 10-2 e.m.u.), LZ means the camera length 
(495 mm.), m means the electron mass, » means the velocity of the electrons, \ means 
the wavelength of the incident electrons (0.0327 A.), h means Planck’s constant 
(6.6 X 10-*’ erg. sec.) and J means the distance traveled by the electrons in the re- 
gion of magnetic field. It is plausible under the conditions of Fig. 1 and Fig. 2 that 
this | is approximately equal to the film thickness of the specimen (5 microns) and 
that the B is homogeneous. According to Eq. [1] we obtain B ~ 7000 gausses for Fig. 
2. This value is reasonable as the saturation induction of nickel. 

The magnetic state of an amorphous film of iron was studied by the present proc- 
ess. Iron was electrodeposited onto a thin foil of gold. A composite film thus pre- 
pared, consisting of the iron and the gold layer (thickness: about 1 and 0.1 micron, 
respectively) was readily investigated by the same process as in Fig. 1. Figure 4 is 
a double diagram containing the diffraction pattern of this composite film and that 
of a gold foil. In Fig. 4 the diffraction rings from the amorphous layer of iron are not 
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Fic. 1. Arrangement of the magnetized film of nickel for the incident electrons. 


Fig. 2. Double diagram consisting of the diffraction pattern of nickel and that 


of gold. 
Wavelength: 0.0327 A.; camera length: 495 mm. Positive is enlarged 2.3 times 
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Fic. 3. Illustration for the calculation of AZ. 
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Fig. 4. Double diagram obtained with the Fe-Au composite film and with a gold 
foil. 
Wavelength: 0.0332 A. 


discernible, but those of the gold layer in the composite film and those of the single 
film of gold are eccentric as the result of the Lorentz effect. In this way the ferro- 
magnetism of the amorphous layer was indirectly observable through the diffrac- 
tion rings of gold. As the thickness of iron layer in Fig. 4 is presumably about 1 
micron, we obtain B ~ 30,000 gausses according to Eq. [1] (A: 0.0332 A. and AZ: 
0.109 em.). This value is approximately in accordance with the known saturation 
induction of iron. 

The iron film here prepared appears to be ‘“‘amorphous,” insofar as the electron 
diffraction experiment is concerned. Our magnetic analysis reveals that the crystal- 
lites constructing this film are larger than about 20 A. This is because the iron erys- 
tallite whose grain size is larger than this value is ferromagnetic (1). Our process 
therefore makes it possible to estimate the grain size of a ferromagnetic substance. 
It is also possible to estimate the film thickness with Eq. [1] if we measure AZ for 
a film with the known magnetization (B). 
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BOOK REVIEWS 


Electrophoresis: Theory, Methods and Applications. Edited by Minan Brier. 
Academic Press New York and London, 1959. xx, + 563 pp. Price $15.00. 

The term ‘‘electrophoresis’’ was originally defined to mean the movement of 
charged colloidal particles and macromolecular ions, such as proteins, polysac- 
charides, and nucleic acids, under the influence of an electric field; the term ‘‘iono- 
phoresis” being reserved for the electromigration of low molecular weight materials, 
e.g., amino acids, sugars, purines, pyrimidines, and simple, inorganic ions. However, 
with the rapid advances in the application of the various electrophoretic methods 
to the whole spectrum of charged substances, the term ‘“‘electrophoresis’’ has be- 
come an all-inclusive one. Differences in migration velocities in an electric field 
provide a powerful means for the analysis and separation of substances which are 
difficult to fractionate by other methods. In fact, electrophoresis is often the only 
method available for the quantitative analysis of such systems. In addition, the 
characterization of biologically important macromolecules with respect to size, 
shape, and electrical charge, is important for a molecular understanding of their 
reactions and physiological activities. For these reasons, the abundant results ob- 
tained with the Tiselius moving-boundary electrophoresis apparatus, as modified by 
Longsworth, have contributed significantly to the rapid progress made in the past 
two decades in the various branches of biochemistry and medicine; and there is 
every reason to believe that the more recently developed methods of preparative- 
and zone-electrophoresis will likewise become indispensable to both the biologist 
and chemist. These generalities are amply substantiated by the book under review, 
which is the first extensive treatment of electrophoresis to appear in the English 
language since 1942. 

The first chapter, written by J. Th. Overbeek and J. Lijklema, is a theoretical 
treatment of the electrical double layer surrounding charged particles in solution 
and its relationship to electrophoresis. In conjunction with the article by Overbeek 
on the quantitative interpretation of electrophoretic mobilities which appeared in 
Advances in Colloid Science 8, 97 (1950), this treatment gives the reader the theoreti- 
cal background required for the interpretation of electrophoretic mobilities in terms 
of molecular parameters, such as net charge and frictional coefficient, and composi- 
tion of the supporting medium. Having established the theoretical relationship 
between electrophoretic mobility and net charge, the book proceeds to a discussion 
of the quantitative interpretation of the acid-base titration curves of proteins (K. 
Linderstr@m-Lang and S. O. Nielsen). The theory and methods of moving-boundary 
electrophoresis are then discussed in detail by L. G. Longsworth. One is now pre- 
pared for a discussion of the applications of moving-boundary electrophoresis to 
biocolloidal systems; this, however, does not appear until four chapters later. In 
the opinion of the reviewer, avoidance of this break in continuity of thought would 
have been a great aid to the expert as well as to the novice in the field. In any event, 
the chapter by R. A. Brown and S$. N. Timasheff clearly shows what a variety of 
information can be obtained by the application of moving-boundary electrophoresis 
to biological problems. 

Likewise, the principles and applications of preparative electrophoresis without 
supporting media and preparative and analytical zone-electrophoresis, are dis- 
cussed in detail in four chapters written by M. Bier, Ch. Wunderly, H. G. Kunkel 
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and R. Trautman, and T. Willand. One is impressed by the important analyses and 
separations which these relatively new methods have made possible. But, here 
again, the reader would probably have gained from some reorganization of the book. 
For example, the chapter on the applications of zone-electrophoresis is reserved 
for the end of the book, separated by four chapters from the other two chapters 
dealing with electrophoresis on paper and other supporting media. 

The clinical and physiological applications of electrophoresis are discussed by 
D. Moore; and C. C. Brinton, Jr., and M. A. Lauffer treat microscopic electrophore- 
sis. 

The reviewer objects to the use of the term ‘‘anomalies’”’ when referring to non- 
ideal electrophoretic behaviors (e.g., p. 324 and p. 440) which are understood at 
least qualitatively. It should also be pointed out that the statement on page 494 to 
the effect that electrophoretic separations of low molecular weight substances can 
be accomplished only by methods utilizing supporting media, does not take cog- 
nizance of the fact. that moving-boundary electrophoresis has been used for the 
quantitative analysis of mixtures of adenosinephosphates and glutamic and aspartic 
acids. Finally, the book is a bit repetitious, but this is difficult to avoid with a large 
number of contributors. In any case, this is an important book which brings the 
reader up to date in a rapidly expanding field and should be an invaluable aid to the 
researcher who wishes to apply electrophoresis to his problems, whether biochemi- 
cal, biophysical, clinical, or industrial in nature. 

Joun R. Cann, Denver, Colorado 


Fast Reactions in Solids. By F. P. BowpEn anp A. D. Yorrs, Academic Press, 
New York and London, 1959. x + 164 pp. Price $7.00 

The authors of this monograph and their colleagues at the Physics and Chemistry 
Laboratory, Department of Physics, Cambridge University, are well known for their 
investigations into solid state decompositions. An earlier work by the same authors 
(1952) described experimental studies on mechanisms of initiating explosions in 
liquids and solids. Here they describe more recent researches in this field. In particu- 
lar they are concerned with the mechanisms by which an explosive crystal can be 
decomposed when subjected to heat, light, shock, or nuclear radiation. High-resolu- 
tion electron microscopy combined with electron diffraction is used to investigate the 
early stages of decomposition. High-speed photography and electronic methods are 
employed to follow the fast reactions. 

This book is certainly of first importance to the relatively few workers in this 
field. Its appeal, however, is much wider. Experimental problems of studying reac- 
tions which are complete in the millisecond-microsecond range and are often initiated 
in minute “‘hot spots”? have been met in ingenious and fascinating ways. An example 
of the approach is the study of the electron diffraction pattern of a crystal of silver 
azide in the process of decomposition, clearly showing that the silver azide lattice is 
converted to a special silver lattice based on the silver azide structure and then this 
lattice collapses to the normal silver lattice. At the same time, normal silver crystals 
are formed on surface defects and grow down into the crystal. 

The photographs are particularly striking. One set demonstrates the initiation of 
explosions in the nitroglycerin by the intersection of three (but not two or one) shock 
waves. Another remarkable series shows the decomposition of silver crystals of 
various substances when exposed to hot wires. 

Implicit in the entire discussion is a slight air of excitement because of the violent 
nature of most of the compounds. 

This book is recommended to scientists of all sorts for browsing, to physical chem- 
ists for the unique experimental techniques, and to specialists in solid-state kinetics 
as an authoritative report on recent progress in this field. 

Benson R. SunpuHErm, New York, New York 
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Inst of Symbols 


= semi-length and semi-diameter of a cylindrical particle. 

= spherical elliptical orbit constant. 

= tensile and bending moduli of elasticity. 

axial force acting on the central cross section of a rod. 

= velocity gradient. 

= transverse moment of inertia. 

= coordinate measured along the length of a rod. 

orientation factor. 

= number of axial spins per rotation. 

= time. 

= velocity components along the X-, Y-, and Z-axes of the shear field. 
= Cartesian co-ordinates. 

= a co-ordinate in the theory of deformation. 

= viscosity of suspending medium. 

= colatitudinal and azimuthal polar coordinates, Z = polar axis. 
= azimuthal angle, Y = polar axis. 

= parameters in the theory of axial spin. 

= angle of axial spin. 

= angular velocity of axial spin. 
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INTRODUCTION 


When a viscous liquid containing suspended particles is subjected to 
laminar shear, the particles rotate and experience deforming stresses. 
Jeffery (1) predicted theoretically that the major axis of a prolate spheroid 
of axis ratio r, rotates in a spherical elliptical orbit described by the equa- 


tions: 


Cr 
tan 6 = (Peoe oa sin' oy [1] 
and 
tan¢d = r. tan (27t/T) [2] 


1 Holder of a Studentship from the National Research Council of Canada, 1957-58. 
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in a field of fluid shear defined by u = Gy, and v, w = 0 where 4, », and 
w are, respectively, the components of velocity of the undisturbed liquid 
along the X-, Y-, and Z-axes of the co-ordinate system shown in Fig. 1; 
6 and @ are the spherical polar co-ordinates of the major axis of 
the spheroid, and C is the orbit constant which is related to the eccen- 
tricity of the spherical elliptical path described by the ends of the particle 
axis. Here 7 is the period of rotation about the Z-axis and is given by 


i 
2a (- + ay G; [3] 


== Dat, G 1 100 Mee als 


In addition, it was predicted that the particle undergoes spin about its 
major axis at an angular velocity w, given by 


T 


G, =d0/di = & cos 6, [4] 


where © is the angle of rotation (spin) about the main axis. 

Various experimental studies (2-4) of the rotations of straight rigid 
rods have shown excellent agreement with the details of the orbits defined 
by Eqs. [1] and [2] provided that the “equivalent ellipsoidal axis ratio” 
(r.) calculated from the measured period of rotation using Eq. [3], was 
used instead of the true axis ratio r in the orbital equations. Values of the 
ratio r./r varying from 0.7 to 0.5 were found experimentally over the range 
of r between 20 and 115 (3). Observations of the spin of wood-pulp fibers 
were made which showed qualitatively agreement with Eq. [4] (5). 

In earlier studies of the rotations of wood-pulp fibers it was found that 
under certain conditions the fibers were deformed by the action of the 
liquid and that this deformation resulted in orbits which were different 
from those of rigid particles (6). In this paper a simple theory of the onset 
of bending and corroborative experimental data obtained by means of 
uniform filaments are presented. In addition experiments are described 
which were designed to provide for the first time a quantitative test of 
the spin predicted from Eq. [4]. 


THEORETICAL PART 


1. The Spin of Rigid Rods 
The simplest test of Eq. [4] is to calculate the number of complete 
axial spins executed in the course of a complete rotation about the Z-axes, 
and to compare this with the observed value. This calculation is made 
below. 


The variation of @ with time can be determned by eliminating ¢ from 
Kags. [1] and [2] to yield: 


AT V2 tan (rte) 
eee F + 1 tan? | hie [5] 
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where 
2 2 2 iz 
2 2 Te (Cuca) Cre +1 
KAS i a Reh as corel AISLE Se 
re — 1’ , a os ad ae Cai 
The theoretical number of complete spins through Q = 2a which a 


particle undergoes in time T is therefore given by integrating Eq. [4]: 
G T/4 
n = AQ/2r = ai F(t) dt. 
0 


By making the substitutions into the above equation: 
Y= 2 ha 
it may readily be shown that 


we Ss a) fk), [6a] 


ptt dy 
Ah) = i Gi-E kh? sin? yt? [60] 


The function f(k) was evaluated by graphical integration for a series 
of values of k, with the results shown in Fig. 2. Equation [6a] was tested 
by viewing individual particles along the Y-axis, so that the XZ-projec- 
tion of the particles was observed. The particle rotations may also be 
described by the variation of the azimuthal angle \ formed by the Z-axis 
and the projection of the particle on the XZ-plane (Fig. 1). By com- 
bining Eqs. [1] and [2] it has been shown (2) that 


tandX = Cr, sin (2rt/T). [7a] 


where 


According to Eq. [7a], the XZ-projection rocks back and forth between 
+)max. given by 


CAD Nae ee le. [76] 


from which the orbit constant C,, a parameter in Eq. [6a], can be evaluated 
if Amax. and 7, are known. 


2. The Forces Causing Deformation 


a. Burgers’ Theory. In this section we consider briefly an approxi- 
mate theory of the forces acting on a thin rod in laminar shear, developed 
by Burgers (7) to explain certain anomalies in the streaming birefringence 
of macromolecules in solution. The theory assumes the particles to be 
rigid, nonsedimenting, without Brownian motion, and to be so thin that 
the disturbance of the flow pattern of the suspending medium is negli- 
gible; inertial effects are neglected and it is assumed that there is no slip 
at the interface. 
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Fie. 1. The spherical elliptical orbit of a rotating cylinder. The co-ordinate system 
is shown in relation to the shear field (upper diagram). In studying the particle orbits, 
the angle } is conveniently measured by viewing along the Y-axis. The lower dia- 
gram shows a series of orbits corresponding to various values of the orbit constant C. 
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f(k)= (1+ i We 
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k 


Fra. 2. The variation of f(k) with k. Values of f(&) were obtained by graphical in- 
tegration of Eq. [6d]. 


Let J be the distance from the center along the rod of total length 2a’,* 
so that 1 = 0 at the origin of the co-ordinate system shown in Fig. 1. We 
may now write 


u = Glsin 6 cos ¢. 


The velocity u in the X-direction may be resolved into three perpendicular 
components. Two of the components act at right angles to the axis of the 
rod, one tending to increase ¢ and the other @. Since inertial effects are 
assumed to be negligible, these components will cause rotation of the rod 
about the Z-axis but will not create stresses along the axis of the rod. 
The third velocity component given by 


ul = Glsin’ 6 sing cos¢ = GIM [8] 


acts along the axis of the rod. Here M = sin’ 6 sin @ cos¢ is an orienta- 
tion factor. To satisfy the condition that there be no slippage at the rod- 
fluid interface, uw’ must set up a system of forces f(/) dl (= the increment 
of force over length di) to produce a velocity —w’ at the surface of the rod. 

The total axial force 7 acting on the central cross section of the rod 
(at 1 = 0) is obtained from the integral 


P= —f Fo at 


* In previous publications in this series a and b have been used to designate the 
length and diameter, respectively, of a rod. In the analysis given here it is con- 
venient to use the semi-length and semi-diameter. To avoid confusion with the earlier 


symbols, a’ and 6’ are employed. 
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which Burgers has shown to have the approximate form 


Gna’ M 


at ; [9] 
i log. (2a’/b’) — 1.75 


where 7 is the viscosity of the suspending medium. The sign of F depends 
upon whether ¢ is negative or positive, and determines whether the rod is 
under compression or tension, respectively. 

b. Effect of Orientation on Axial Forces. Equation [9] shows that F de- 
pends on the dimensions of the particles, the product Gn, and the orienta- 
tion factor MW. To find how F varies with M we write: 


tan’ 6 sin ¢ cos 


He tam @ + 1 


[10] 


Substituting for tan 6 by means of Eq. [1] yields 


C’r. sin ¢ cos ¢ 
Cr? + r2 cos’ ¢ + sind 
or [11] 
C” sin’ ¢ 
Cc? +1 — sin’? ¢ 

Figure 3 shows 2M as a function of ¢ at orbit constants C = ©, 1, 0.5, 
and 0.1. It will be seen that when C = ~, the magnitude of 2M (and 
hence /’) is a maximum at ¢ = 45°. As C decreases, the values 2M max. 
(corresponding, respectively, to maximum compression and tension) de- 
crease and occur at angles @ which approach +90°. Calculated values of 
2M max. are given in Table I. 

c. Shear-Induced Buckling. We now assume that under the system of 
axial forces predicted from Burgers’ theory, a’ remains constant, and the 
rod remains straight until the critical condition for buckling under com- 
pression is exceeded. This represents the onset of bending of the particle 
by the action of the liquid. 

From Fig. 3 it may be seen that the greatest stresses are exerted on a 
particle which rotates wholly in the XY-plane (C = «), and that com- 
pression reaches a maximum when @¢ = —45°. In this position, Eq. [9] 
gives 


M = 


2M ~ for r2> 1. 


Tee Gna!” 
~ 2 (log. (2a’/b’) — 1.75) ° 
We wish to calculate the least force required to buckle a rod in the 


orbit C = 2%. To do this we must know the distribution of compressive 
forces along the axis of the rod. 


Let us assume that the increment of axial force per unit length along 


[12] 
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Fre. 3. Calculated variation with ¢ of the orientation factor 2M of the axial force 
on a thin rod. As C decreases the peak values of 2M decrease and approach ¢ = ¥90°. 


the rod is proportional to the axial component of fluid velocity wu’ given by 
Eq. [8], 1.e., 

f(t) = pl, 
where p is a proportionality constant which depends on the particle orien- 
tation and on Gn. Corresponding to the position of maximum compression 
(@ = —45°, 6 = 0)we have 

0 72 

ie = =| fi ee dl = Se [13] 


Eliminating Fmex. from Eqs. [12] and [13], we obtain 
_ aGn 
sta coma Peis OF Ly ee 


Let us consider the rod to be hinged at the ends, as shown in Fig. 4, 
and to be subjected to a system of axial forces given by pl di acting on an 


[14] 
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TABLE I 
2M max. at Different Values of C 


C Co) at Mmax. PA hese. 

©0 45.0 1.000 
5 45.2 0.982 
3 45.5 0.950 
2 46.4 0.894 
1 54.8 0.707 
0.5 64.6 0.447 
0.3 74.0 0.258 
0.1 84.3 0.099 
0 90.0 0 


aiky H(1,5) 


Haat. 


| t 


Fig. 4. A rod, hinged at both ends, used as a model in the theory of shear-induced 
buckling. Euler’s equation [Eq. 16] for critical buckling is derived by assuming that 
the rod is slightly bent under axial compression. 


element di. The total compressive force at any point H with co-ordinates 
(¢, J) acting on a cross section of the rod is given by 


a. [een ( 
Fa = —{ na im) [15] 
l 
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The equation for the shape of the rod suffering small deformations under 
compressive forces (8) is given by Euler’s classical equation 


ORES Te —F gf, [16] 


where &; is the bending modulus of the rod, I is the moment of inertia of 
the smallest cross section, and ¢ is the displacement of the rod at I (Fig. 
4). By eliminating Fy from Eqs. [15] and [16] we have 
2 

ET a a ee. 17] 

dl? 
where c = p/2EI. We require the solution to Eq. [17] for the least per- 
missible value of ¢. 

Substituting 2 = cl into Eq. [17] yields 


dc 


5 + Cea" — 7 )o = 0; [18] 
dz? 
by making the further substitution ¢ = ye”! * Eq. [18] becomes 
2 

CE a eee Ly =,0. [19] 

dz" dz 
Provided that ca” is of the form 2m + 1, Eq. [19] has the solution 

y = He,(z), 


where He, denotes the Hermite function of order n (9). 
The smallest even value of 7 is zero, and corresponds to the first mode 
of buckling of the rod, so that 
ca = 1 
or 
PUPPIES a": [20] 


By combining Eqs. [14] and [20] for the position of maximum compression 
and writing 


ab! 
Sai 4 
Oe ae Pa] 


where (G7)crit. is the minimum value at which rodlike particles of axis 
ratio r = a’/b’ may be expected to buckle under shear-induced compres- 
sion. It follows that for any given value of Gn and £;, there also exists a 
critical value r = ferit. Which will satisfy Eq. [21]. It should be noted that 
Eq. [21] depends solely on r and not on the absolute dimension of the 


particle. 
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In the experiments described below, the validity of Eq. [21] was tested. 


EXPERIMENTAL METHODS 


The experiments were conducted by means of two Couette devices (2, 
4) in which the suspension was placed between two concentric cylinders 
which were rotated in opposite directions. In one of these (Apparatus No. 
1) particles were observed through a microscope aligned along the Y-axis 
(Fig. 1), and in the other apparatus (No. 2) observations were made 
along the Z-axis. 

The following materials were used: 

7. Rayon continuous filament, highly stretched, of circular cross sec- 
tion 3.5 » diameter, supplied by the Research Department, American 
Viscose Corporation, Marcus Hook, Pennsylvania. 

2. Nylon continuous filament, of circular cross section 12.2 u, supplied 
by the Textile Fibers Division, Du Pont of Canada Limited, Kingston, 
Ontario. 

3. Dacron continuous filament, of circular cross section 7.8 » diameter, 
from the Pioneering Research Laboratory, Experimental Station, E. I. 
du Pont de Nemours and Co., Wilmington, Delaware. 

Particles of known length were prepared from the filaments by mount- 
ing the strands in embedding wax and cutting them ina sliding microtome. 

Most of the work was conducted in a medium of household corn syrup 
(made by the Canada Starch Co.) of viscosity 91.2 poises at 20°C., having 
an equilibrium relative water-vapor pressure of 70%. Castor oil (No. 300 
Oil, Baker Castor Oil Co., New York) of viscosity 40.5 poises at 207C, 
was used to provide a nonswelling medium in the experiments with rayon. 
Both liquids exhibited Newtonian flow properties up to velocity gradients 
of 100 sec.’ as determined by viscosity measurements in a Couette type 
viscometer. Since the viscosities of these liquids were highly temperature 
dependent, the experiments were conducted in a room conditioned to 
20° + 1°C. The temperature of the suspension was measured after each 
experiment and the viscosity of the medium read to +0.5 poise from 
previously determined viscosity-temperature calibration curves. 

Particle concentrations of about 10 °% by weight were used. At these 
low concentrations interaction effects were negligible. 

The Young’s (tensile) modulus of elasticity H of each material was 
determined from the linear portion of the tensile load-extension curve of 
samples of thread. The curves were obtained using an Instron Tensile 
Testing Instrument, Model TT-B, operating at a low constant rate of 
strain in a room conditioned to 50% relative humidity and 22.8°C. In 
calculating H from the curves, the stress was calculated from the total 
load and the total cross-sectional area calculated from the mean optically 
measured cross-sectional area per filament and the number of filaments 
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per strand. The cross-sectional area agreed well with the value calculated 
from the density and the measured denier per strand. 


RESULTS AND Discussion 


1. The Spin of Rigid Rods 


In the experiments to test the validity of Eq. [6a] for axial spin, rayon 
filaments cut to lengths between 100 and 150 yw were suspended in corn 
syrup and the suspension was sheared in Apparatus No. 1. 

The following measurements were made for each of twelve particles: 

1. The angle \max. by means of a goniometric ocular. 

2. The average period of rotation T' in the spherical elliptical orbit over 
ten successive rotations. 

3. The average number of spins per rotation n over the same ten rota- 
tions as for (2) above. 

4. The shear rate G from the speeds and diameters of the cylinders ( ay 

The r, of each particle was calculated from Eq. [3] using measured values 
of T and G, and the orbit constant C from Eq. [7] using the measured 
Amax.- The f(k) for the appropriate value of k was found from Fig. 2. 
The theoretical numbers of spins calculated from Eq. [5] are compared 
with observed values in Table IT. 

The observed values were generally low. Possible reasons for this dif- 
ference were the deviation of the shapes of the particles from those of 
prolate spheroids, and the errors introduced by counting 7.»s. only to the 
nearest 14 and in measuring the Amax. of curved particles. In view of these 
sources of error, the agreement between theory and experiment is con- 
sidered to be good. 


TABLE II 
Predicted and Observed Axial Spin for Slightly Curved Rayon Filaments 

Mery! (sec) te Amax- F(R) Calculated » Observed 2  ‘nobs./teaic. 
145.0 1.65 38.1 12.0 1.45 17.6 18.0 1.02 
113.0 1.80 32.4 52.0 1.24 12.8 15 0.90 
135.4 1.60 34.5 Deo ibs ilil 12.2 10.0 0.78 
145.0 1.34 30.9 49.0 1.23 Wei 11.5 0.94 
410.0 0.37 24.5 28.0 1.38 10.8 11.5 1.06 
120.0 1.69 31.5 60.0 1.07 10.7 8.0 0.75 
86.0 1.49 25.8 57.0 1,183 9.3 9.0 0.97 
92.4 1.82 28.6 69.5 0.92 8.3 7.0 0.84 
126.0 1.42 20.4 45.5 1225 8.1 6.5 0.80 
105.0 ert 19.2 43.0 1.19 (haa) (sik 0.80 
82.0 1.85 24.1 69.0 0.90 6.9 5.5 0.80 
62.0 1.83 18.0 80.0 0.59 3.4 Pasi) 0.74 


Mean nobs./Neaic. = 0.87 
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TABLE III 
The Effect of Viscosity on Critical Bending 


Dacron filament (r = 310) in corn syrup 


‘ Gon (Gn) crit. 
n (potses) (sec.-1) (gm. em.~} sec.) 
115 7.24 (2815) 83.7 
17.9 3.95 (.70) 70.6 
41.8 2.10 (.50) 88.5 
91.2 0.72/30) 65.8 


Mean (Gn)crit. = 77.1 ¢.g.8. units 
(Gn) ert. F(r) = 29.2_X 10” dynes. em. 


Values in brackets are standard deviations of associated means of 10 samples. 


2. The Onset of Bending 


The validity of Eq. [21] was tested by measuring (G7)crit. at various 
values of 7 and r, and using materials of different elastic constants. The 
experiments were performed in Apparatus No. 2, using filaments with 
orbits in the XY-plane (C = «) and without visible permanent deforma- 
tion. 

a. Variation of ». Samples of Dacron filament of r = 310, suspended 
in corn syrup diluted with water to yield viscosities ranging from 11.5 to 
91.2 poises, were used. The critical values of G at which bending during 
rotation was just detectable were measured for ten filaments at each 
viscosity. 

The results given in Table III support the theory which predicts that 
Gerit. Varies inversely with 7. 

The high standard deviations from the mean in Gers. may be caused 
by small variations in r which can have a profound effect since, according 
to Eq. [21], Geit. is roughly proportional to r *. Small permanent deforma- 
tion in the XZ-plane of some of the particles which are not apparent in 
the XY-projection seen in Apparatus No. 2 could be an additional cause. 
Such a deformation might be expected to cause a particle to bend at a 
lower Grit. than if its unstressed shape were perfectly straight. 

b. Variation of r. These experiments were performed with Dacron 
particles having axis ratios ranging from 180 to 310 using undiluted corn 
syrup as the medium. The mean values of (G@y)crit. are Summarized in 
Table IV. The table includes the product Grerit. X (7) where 


2r* 


EN) nee, of Ea 


[22] 


If Eq. [21] applies, the product should be constant for a given series of 
particles; for the Dacron particles it was constant within 30%, yielding 
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TABLE IV 


Comparison of Ey at Various Axis Ratios with E for Dacron, 
Rayon, and Nylon Filaments 


; e Mean Cn) sit diene 
Material ieee A ee Goris, (s06)] (Gnderit. | FO) X | Ee x BSC 10200 
pecimens) Ms ae 10-8 oe 10 (ee. 
; ees cm.-?) 
Dacron Corn syrup 180 6.93 (1.54) | 632 5.08 | 32.2 7.26 
228 3.12 (0.57) | 260 122 Bis, 
268 1232, (0526) |) 112 22.6 25.4 
310 0.72 (0.30) 66 39.6 26.2 
Rayon Corn syrup 190 2.67 (0.55) | 248 6.28 | 15.6 26.4 
281 0.38 (0.11) 34.7 26.8 9.32 
Castor oil 241 | 10.30 @.35) | 386 oss 59.2 
Nylon Corn syrup 170 3.84 (1.02) | 350 4.48 15.6 6.30 
194 eave (Vere) || 7408) 6.90 14.4 


Bracketed values are standard deviations of associated means. 


a mean value of 28.9 X 10” dynes/em.”. This value agreed well with the 
mean value of 29.2 X 10° dynes/cm.” calculated from the data of Table 
Tt 

Similar results for less extensive experiments using rayon and Nylon 
were obtained and are included in Table IV. 

c. The Elastic Constants. According to Eq. [21] 


Ey = (G)ecrit. (1). [23] 


Values of the tensile modulus # are included in Table IV and com- 
pared to corresponding values of /, calculated from Eq. [23]. Since Dacron 
does not absorb appreciable quantities of water and hence is not plasti- 
cized by contact with water, the comparison would appear to be most 
valid for this material; in this case L,/H = 4 approx. 

Closer agreement was obtained for Nylon. However, it has been shown 
(10) that the (dynamic) tensile modulus of Nylon increases by about 
20% for a decrease in relative humidity from 70% to 50 %. If the value 
of E, for Nylon shown in Table IV is increased by 20 % for direct compari- 
son with E, the ratio E,/E corrected to 50 % relative humidity is approxi- 
mately 3.2. 

With rayon, the decrease in H, between castor oil and corn syrup clearly 
shows the plasticizing effect due to water absorbed from the corn syrup. 

It will be noted that with each material, the values of H, obtained 
tended to decrease slightly with increasing 7. This deviation from Eq. 
[21] may have been due to the approximations made in developing the 
theory. It could also have resulted from a greater incidence of slight per- 
manent deformations in the longer samples. 
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-90° X 


Fie. 5. Polar plot of the loci of the ends of a Nylon filament (r = 170) during 
rotation in the XY-plane. Curve 1 represents rigid rotation at G < Grit. Curves 
2,3, and 4, for which G.rit. has been exceeded, correspond to G = 3.20, 3.54, and 4.25 
sec.1, respectively. The theory predicts that as G approaches Geri, ., deviation from 
curve 1 will commence at ¢ = —45°. 


Whereas values of H, obtained were of the same order of magnitude as 
the corresponding values of H, they were nevertheless 2 to 4 times greater. 
It should be noted that FH, = H only if the filaments are homogeneous, 
but that the two moduli frequently differ owing to “skin” effects (11). It 
is improbable that skin effects can account entirely for the differences 
between #, and # in the above results. However, in view of the assump- 
tions and approximations made in Burgers’ treatment and in the present 
extension of the theory, exact numerical agreement could hardly be ex- 
pected. 

It has been shown that the experimentally determined relationships 
between G, », and r were in general agreement with those predicted by 
Eq. [21]. The results indicate that the theory of deformation presented 
above is correct in principle, if not in detail. 

d. Orbits of Bent Particles. Attempts were also made to determine if 
critical bending of a particle rotating in the XY-plane (C = 2) com- 
mences at ¢ = —45°, as implied in Eq. [12]. The experiments proved 
difficult to perform. 

Photomicrographs were taken at short time intervals during the rota- 
tions of Nylon filaments close to Geis. , again using Apparatus No. 2. The 
loci of the ends of the filament images were plotted as a function of ¢. 
Figure 5 clearly shows the assymmetry of the loci about the Y-axis due to 
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the compression and the tension forces. It also shows the increase in de- 
formation occurring above Gerit. ; this will be discussed further (12). The 
results suggest but do not definitely show that initial bending occurred 
at @ = —45°. The main experimental difficulty is to obtain a particle 
which not only appears free from permanent deformation, but also rotates 
wholly in the XY-plane, since even slight displacements from C = « 
would result in foreshortening of the X Y-projection due to the spherical 
elliptical orbit. 

It should be noted that the above theory of bending as the result of 
axial forces does not apply once the particles are deformed. Evidence is 
to be presented (12) that the disturbance to the flow field caused by 
curved particles is much greater than that due to straight ones: this in- 
dicates that the system of forces acting on a curved particle is more com- 
plicated and cannot be analyzed even approximately by a treatment 
which assumes the disturbance to the flow field to be negligible. 

The phenomena considered here are of interest in connection with the 
viscosity (13) and other flow properties of suspensions of threadlike par- 
ticles. In addition they form an important background to the study of 
the more complex orbits of flexible particles above (G7)crit. which are 
considered in the succeeding paper (12). 


SUMMARY 


The axial spin of slightly curved but rigid cylindrical particles rotating 
in a velocity gradient have been shown to be in good accord with Jeffery’s 
theoretical equation for ellipsoids of revolution provided that the equiva- 
lent ellipsoidal axis ratio is substituted for the true axis ratio in the equa- 
tion. 

A theory of deformation of cylindrical particles rotating in a velocity 
gradient is presented. Equations are developed to calculate the critical 
value of (gradient X viscosity) at which the shear-induced axial com- 
pression causes the particle to buckle. Experiments conducted with Da- 
cron, Nylon, and rayon filaments cut to various axis ratios and dispersed 
in various liquid media showed reasonably good agreement with the 
theory. Some observations of the increase of particle deformation beyond 
the critical gradient for bending are presented. 
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INTRODUCTION 


Particles in liquid suspensions subjected to velocity gradients undergo 
rotational and translational motions. In addition, the shear field exerts 
stresses on the particles which under certain conditions are capable of 
causing deformation. The forces exerted in a field of laminar shear on 
cylindrical particles were considered in the preceding paper (1), where 
it was shown that there exist critical conditions beyond which a particle 
will bend in the course of rotation. In this paper, the effects of shear- 
induced deformation on the rotational motions of threadlike particles are 
described. 

Previous work in this laboratory has dealt with the rotations, orienta- 
tions, and interactions of simple particles such as rigid spheres (2-4), 
fluid drops (5, 6), and smooth rigid rods (2, 4, 7). Most of the phenomena 
observed could be explained theoretically. There exists, however, no 
comparable theory for the phenomena described in the present work. 

A recent paper (8) described the motions of wood-pulp fibers. It was 
found that rigid fibers executed the same types of rotation as rigid cyl- 
inders. When the fibers were flexible, their orbits and periods of rotation 
differed appreciably from those of rigid cylinders. However, a quantita- 
tive study using pulp fibers was limited in scope because of irregular 
shapes of the individual particles. A classification of orbit types has never- 
theless been used to determine the flexibility spectrum of samples of wood 
fibers (9, 10). In the present investigation, a more systematic study of 
orbits was possible with uniform particles prepared from synthetic fila- 
ments. 

Rigid rods in suspensions subjected to laminar shear rotate in spherical 
elliptical orbits (2, 4) and spin about their major axes (1) according to 
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the predicted equations of motion for prolate spheroids (8), provided the 
“equivalent ellipsoidal axis ratio” r, is used in place of the true axis ratio 
r of the particles. The r. is calculated from Jeffery’s equation (11): 


TG = 2n(r. + 1/r.) 
= Qar, for r.> 1. 


(1 


Here T is the measured periodic time of rotation of the particle axis 
through ¢ = 360° where ¢ is the azimuthal polar co-ordinate (Z = polar 
axis) aS shown in Fig. 1 of reference (1), and G is the velocity gradient. 

It follows from Eq. [1] that for a particle which has two perpendicular 
axes of symmetry (so that its shape relative to the field of flow will re- 
main unchanged by axial spin), e.g., prolate spheroids and straight cyl- 
indrical rods, the product 7G will depend solely on the particle shape and 
will be independent of G. 

If, however, a particle undergoes shear-induced deformation, its shape, 
and hence the flow pattern around it, will depend at any instant on the 
deforming forces. Since these were shown (1) to be a function of the prod- 
uct Gn, where 7 is the viscosity of the suspending medium, we may expect 
that for deformable particles, Eq. [1] will take the form 


TG = S(Gn), [2] 


where S(Gyn) is a particle shape factor which varies with Gn. If 7 is con- 
stant we should expect that if a particle is deformable, ATG/AG will be 
related to the deformation undergone by the particle as the result of an 
increment AG. Experiments with deformable pulp fibers (8) have shown 
that TG increases with G. Similarly, measurements of the period of cir- 
culation T of the interface of a deformed fluid drop (6) have shown that 
TG increases with G. The product TG therefore becomes a useful param- 
eter in studying the effects of deformation on particle rotations. 

The experimental results of the present investigation are presented in 
two sections. The first describes the motions of deformable threadlike 
particles over a wide range of flexibility; the second deals principally with 
the effects of deformation on the product TG. 


EXPERIMENTAL Par? 


1. Apparatus and Materials 


The technique using the two twin-cylinder Couette devices for viewing 
along the Y- and Z-axes, respectively, was similar to that used previously 
(1, 2, 4). 


In addition to the 3.5 » diameter rayon and 7.8 » Dacron filaments 
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previously used (1) which were microtomed to required lengths, the fol- 
lowing materials were also used: 

a. Spruce sulfite-pulp fibers, screened to yield a mean length of 1.6 mm. 
with a standard deviation from the mean of about 20%. These were used 
in preliminary experiments. 

b. Elastomer continuous filament, approximately elliptical in cross 
section, width of largest cross section = 12 u, supplied by the Pioneering 
Research Laboratory, E. I. du Pont de Nemours and Company, Wilming- 
ton, Delaware. This material was highly flexible in comparison to the other 
materials. Because of its extensibility, it could not be embedded and 
microtomed; instead, single filaments were cut to lengths ranging from 1 
to 20 mm., using a sharp razor. 

The suspending media used were household corn syrup and castor oil 
(No. 300 oil, Baker Castor Oil Co., New York). The castor oil, which was 
also used in associated studies of the viscosity of suspensions (12), pro- 
vided a nonswelling medium for rayon. 

Concentrations by weight of about 10°% were used in experiments 
with pulp fibers, rayon, and Dacron, since at these low concentrations 
individual particles could be studied in the absence of interactions over 
extended periods of time. With the elastomer, observations were made of 
single filaments which were introduced into the medium by means of a 
fine needle. 

Observations were made visually or with the aid of photomicrography. 


2. Method of Varying Particle Flexibility 


The ability of a threadlike particle to bend could be increased by swell- 
ing the material, by increasing the deforming forces exerted by the shear 
field, or by increasing the particle length (1). 

Since swelling tended to be nonuniform along the length of a filament, 
this method of increasing flexibility was rejected. The deforming forces 
could be increased in a particular suspending medium by increasing Gin. 
However, G was limited by practical considerations to a maximum of 10 
sec. . The viscosity 7 could be varied by diluting the suspending medium, 
but the range of 7 that could be used was limited, since at low viscosities 
sedimentation effects became significant. The flexibility was therefore 
varied principally by varying the particle length, while small changes in 
the particle orbits were studied by varying G and 7. 

The orbits of rayon filaments were studied up to r = 780, correspond- 
ing to a length of over 3 mm. At greater lengths, the thin filaments could 
no longer be resolved in the microscope at the low magnifications required 
to obtain a sufficiently wide field. Studies of very long and flexible fila- 
ments were therefore made using the thicker but much more flexible 


elastomer. 
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RESULTS AND DISCUSSION 


1. The Orbits of Deformable Threads 


In this section are described the motions of threadlike particles under 
conditions at which the values of (G7)crit. OF (7)crit. (defined in reference 
(1)) for the onset of deformation were exceeded. 

a. Springy and Snake Orbits. The orbits exhibited by filaments when 
the critical conditions for bending were only slightly exceeded were termed 
“springy.” This type of rotation is illustrated by the Dacron filament 
rotating in the XY-plane in Fig. 1. The particle in frame 1 was aligned 
in the X-direction. Frames 2 to 7 were taken at intervals during a rotation 
through 180° (from ¢ = —90° to +90°). As the particle approached 
@ = —45°, it bent like a leaf-spring, and then flicked straight as it rotated 
into the quadrant 0 < ¢ < 90°. 

The loci of the ends of a filament undergoing springy orbits in the X Y- 
plane are shown in Fig. 5 of the preceding paper (1): curves 2, 3, and 4 
show that as G was increased, deformation became more pronounced, 
and the onset of bending during rotation tended towards ¢ = —90°. 

When the flexibility of a filament was increased further, by increasing 
either Gn or r, a stage was reached at which the two ends of the filament 
appeared capable of independent movement; however, the particle con- 
tinued to straighten in the positions ¢ = +90°. This type of orbit was 
termed “‘snake turn” (8) and is identical with the orbit designated as 


maspiese is 
(Z| ee 


x x 
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Fig. 1. Springy rotation. Tracings of photomicrographs of a 7.84 diameter Dacron 
filament rotating in the XY-plane. In frame 1, the filament is aligned along the 
direction of flow. In the first quadrant (—90° < ¢ < 0°), frames 1 to 4, the filament 
bends under compression. In the second quadrant, (0 < ¢ < 90°), frames 4 to 7 
it relaxes rapidly under tension. Axis ratio = 180. Gy = 640 gm. em.—'sec.-?. 
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G = 094 ~sec. 


G = 2:67.- ‘secr! 


1mm. 


Fic. 2. Snake rotation. Photomicrographs of an elastomer filament undergoing 
snake turns through ¢ = 180°, at G = 0.94 sec. (upper series) and G = 2.57 sec.-! 
(lower series). By comparing corresponding pictures of the two series it will be seen 
that deformation increases as G increases. 


“flexible rotation” in papers dealing with the flexibility of pulp fibers (9, 
10). It is illustrated by photomicrographs of an elastomer filament in 
Fig. 2. The filament was aligned in the X-direction in frame 1. After an 
interval during which little motion could be observed, one end bent 
abruptly in the XY-plane. The bend ran along the particle until it once 
again lay in the X-direction, but pointing the opposite way (frame 5). 
After another interval during which little motion was apparent, the 
process was repeated, the particle thereby completing a rotation through 
¢ = 360°. By comparing the two series of pictures in Fig. 2 it may be 
seen that, as with the springy rotation, the extent of deformation of the 
particle during rotation was increased by increasing G. 

The period of rotation was found to be constant for successive rotations 
of the particle at constant G; the abrupt bending of one end occurred at 
definite and reproducible time intervals in the course of each rotation. 
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Fia. 3. Helix rotation viewed along the Z-axis. Photomicrographs of an elastomer 
filament. As G increases, the amount of deformation increases and the major axis of 
the configuration tends toward the direction of flow (the X-axis). 


When the particles were highly symmetrical, that is, entirely free of 
any permanent deformations, both ends bent simultaneously in opposite 
directions, so that the particles formed an S-shape and then straightened 
again (8). This orbit proved to be the exception rather than the rule with 
the filaments used in this work. 

Particles undergoing snake turns showed a preference for orbits lying 
close to the XY-plane. Previous work on rigid rods (5) failed to establish 
any definite drift in the orbital constant C with time. However, it was 
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observed that flexible pulp fibers either drifted so that they rotated in the 
XY-plane or so that their axes were aligned in the Z-direction (8). When 
the filaments used in the present work underwent sufficient deformation 
to describe snake turns, they invariably drifted so as to rotate wholly in 
or very close to the X Y-plane. The drift occurred in the course of two or 
three half-rotations whatever the orientation of the filaments was at the 
onset of shear. Further work on this phenomenon is required before an 
explanation of it can be attempted. 

The orbits of rayon filaments and Dacron filaments of various axis 
ratios in corn syrup and at constant G are given in Table III. These results 
indicated that the snake orbits commenced at values of r = 1.5(Terit.) 
approximately. 

b. Coiled Orbits without Entanglement. Experiments with rayon fila- 
ments showed that at values of r > 3 (rerit.) approximately, the filaments 
no longer straightened between half-rotations but assumed coiled con- 
figurations. A particle which was initially orientated at random relative 
to the Couette cylinders became on setting the apparatus in motion fully 
extended close to the X-direction. After a time, one end started to bend 
as described for snake-turns. The bend ran along the length of the fila- 
ment, but before it had reached the tail end, the head began a second 
bend so that the particle never straightened completely. This type of orbit 
was also observed in corn syrup at G > 3 sec. with long, highly deligni- 
fied pulp fibers (9), and elastomer filaments over 2.5 mm. in length. 

If sufficiently long and flexible, filaments rotated so that the X Y-projec- 
tion of their configurations appeared as closed loops, as illustrated with an 
elastomer filament in Fig. 3. The leading end was usually displaced slightly 
in the Z-direction, presumably as the result of hydrodynamic interaction 
with the tail, so that the filament rotated in a helix about the Z-axis. The 
greatest cross section of the X Y-projection of the orbit was inclined at an 
angle to the direction of flow as the result of the compressive and tensile 
forces of the kind described previously (1, 6). Figure 3 also shows that as 
G was increased, this angle of inclination approached the X-direction 
(@ = 90°) in a manner similar to that observed with fluid drops (6). As 
with springy and snake orbits, deformation was increased by increasing 
G. At G = 0.30 and 0.53 sec.’ the filament in Fig. 3 had two bends along 
its length. At G = 2.04 sec. , three bends were present during certain 
stages of the orbit: this indicates that the number of ‘‘turns’’ of the helix 
tended to increase with increasing flexibility. Further evidence of this is 
given below. 

Elastomer filaments between 3 and 10 mm. in length frequently as- 
sumed these helical configurations, although with the longer samples, the 
orbits passed through a number of intermediate phases. Once the helix 
was formed, however, a filament rotated like a corkscrew about the Z-axis 


aie) 


x 1mm. 


Fig. 4. Helix rotation viewed along the Y-axis. Photomicrographs of an elastomer 
filament. The filament rotates about the Z-axis like a corkscrew unless disturbed by 
another particle. 


TABLE I 
Helix Formation of Elastomer Filaments 


G = 3 + 1 sec 
ee Ee 2 eee 


i : Time to form 
Dat rel Filament Time ob- eel ae No. of turns 


length (mm.) served (min.) Ga in helix 
1 3.25 30 2 14 
2 4.00 55 18 216 
3 4.50 40 _ — 
4a 4.50 38 ti 3 
5 5.00 50 24 3 
6 5.75 45 32 34 
af 6.50 GP 70 4 
8 7.00 60 — — 


* Permanently deformed. 
®’ Unstable helix formed at intervals. 


480 


Asaf 


PARTICLE MOTIONS IN SHEARED SUSPENSIONS. X 481 


for many hundreds of rotations, unless disturbed by another particle. It 
will be seen from Table I that of eight samples observed, six formed hel- 
ices. The time to form the helix increased with the filament length. The 
width of the helices in the X-direction varied little with the filament 
length, and in each case was between 1 and 2 mm.; the number of turns of 
the coil, however, increased with the filament length. Figure 4 shows 
photomicrographs taken along the Y-axis of a helix of 3 turns, similar to 
that formed by particle no. 5 (Table I). Particles no. 3 and 4 did not 
form stable helices; it was noticed that both these filaments had permanent 
deformations which appeared to inhibit their rotation in a smooth spiral. 

A tentative reason for the stability of the helical configuration is that 
it is the only way in which a long filament can rotate without axial spin, 
and thus without setting up torsional stresses along its axis. 

The mode of formation and the stability of these configurations require 
further investigation. 

c. Coiled Orbits with Entanglement. Elastomer filaments over 10 mm. in 
length were never observed to form helices. It appeared that the compli- 
cated entanglement during initial coiling prevented the formation of the 
spiral configuration, even after prolonged shearing. The coiling of a very 
long filament may be considered in five consecutive stages, illustrated in 
Fig. 5. These may be described as follows: 


Fia. 5. Coil formation. Schematic diagram showing the stages of coiling of a very 
long flexible filament. 
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a. Whatever its initial orientation, the filament always aligned itself 
close to the X-axis on the commencement of shear, either fully extended 
or, occasionally, folded double. 

b. After a time in the extended position, the ends started to bend as 
though commencing independent snake orbits. 

c. After the ends had traveled towards each other for some distance, 
they once more turned to form closed loops. After traveling away from 
each other, the ends eventually turned again, until coils of two or three 
loops had formed at the extremities of the otherwise extended filament. 

d. As the coils at the ends grew, they began to rotate bodily and to 
move towards each other, slowly winding up the extended part of the 
filament. 

e. After passing each other a few times, the coiled ends, which were 
continuously growing in complexity, entangled with one another to form 
a complex writhing bundle. Sometimes the ends worked themselves free 
and moved away from the main coil, only to bend again and re-enter the 
coil, thereby adding to the entanglement. 

These stages represent a simplification of the process. Often the two ends 
did not reach the first four stages simultaneously. Sometimes one end had 
coiled considerably before the other had even started to bend. 

The projection on the X Y-plane of the coiled bundle was always longer 
in the X-direction than in the Y-direction. As with the helical configura- 
tions, this asymmetry was increased by increasing G. The projection on 
the XZ-plane of a coil was usually longer in the Z-direction than in the X- 
direction. The bundle usually rotated about the Z-axis at a more or less 
constant angular velocity, though the individual elements continued to 
move relative to each other. 


2. The Effect of Deformation on TG 


To avoid the complicating effect of axial spin mentioned in the Intro- 
duction, measurements of the periods of rotation 7 of filaments were 
made exclusively in or very close to the XY-plane, where it has been 
shown that there is no axial spin (1). 


TABLE II 
The Effect of Flexibility on TG of Pulp Fibers 
Orbit No. of fibers Mean TG 
Rigid 19 124.0 (32.8) 
Springy 20 92.8 (21.0) 
Snake 61 45.4 (12.7) 


Bracketed values are standard deviations of associated means. 
Mean length of fibers = 1.6 mm. 
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Fig. 6. Preliminary measurements of TG of flexible particles. Open circles: 4.5 
diameter. Rayon filaments in corn sorn syrup. Closed circles: 9.54 diameter glass 
fiber (2). Triangles: 12.44 Dacron filaments (7). 

TG decreases appreciably at the axis ratio corresponding to the onset of snake 
rotations. Subsequent experiments showed this effect to be the result of permanent 
deformation. 


a. Preliminary. Preliminary experiments were conducted in the Couette 
Apparatus No. 1 (viewing along the Y-axis), using pulp fibers 1.6 mm. in 
length suspended in corn syrup. The periods of rotation of 100 fibers were 
measured at G = 3 + 1sec. . The results (Table II) show that the mean 
TG was lower for fibers describing springy orbits than for those that were 
rigid, and lower still for fibers describing snake orbits. 

Figure 6 shows the variation of TG with r for rayon filaments (diameter 
in corn syrup = 4.5 uw). Each point represents the mean TG of about five 
filaments at each axis ratio. Over the rigid range, the results were in good 
agreement with earlier values (2, 5). The sharp fall in TG, which coincided 
with the beginning of the snake-orbit region, was first considered to be a 
characteristic of the orbit resulting from flexibility (10). This conclusion 
was, however, based on the incomplete information obtained by viewing 
the particles along the Y-axis. Experiments with pulp fibers and rayon 
filaments in the Apparatus No. 2 (viewing along the Z-axis) revealed that 
after shearing for prolonged periods, the particles frequently remained 
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curved in the XY-plane when motion was stopped. In the experiments 
on rayon filaments, summarized in Fig. 6, the suspensions had been sheared 
for several hours before making observations to ensure good dispersion. 
This caused the particles to have permanent deformations which could 
not be seen by viewing along the Y-axis. 

It was therefore considered to be important to study as a next step 
the effect of permanent deformations on the period of rotation. 

b. The Effect of Permanent Deformation. Rayon filaments 3.5 diameter, 
7 = 173, which had been permanently bent into circular arcs were used 
for these measurements. These particles were from one of a number of 
samples having various axis ratios the viscosities of which in dilute castor 
oil suspensions were measured by Nawab and Mason (12) in a rotational 
viscometer at G = 93 sec. . Using the data from the preceding paper (1), 
it is estimated that at this gradient, rerit. = 140. Filaments having axis 
ratios greater than this were found to be permanently bent into circular 
ares after the viscosity measurement. 

The previously sheared suspension was diluted and placed in Apparatus 
No. 2 (viewing along the Z-axis). The periods of rotation of 24 filaments 
the XY-projections of which showed various degrees of permanent de- 
formation were timed at known shear rates between 9 and 10 sec. . The 
particles described rigid rotations at these reduced gradients. After the 
period of rotation of each particle had been measured, the apparatus was 
stopped and a photograph of the corresponding filament was taken through 
the microscope aligned along the Z-axis. 

The negatives were projected on a screen and the angle a subtended 
by the tangents at the ends of each filament image (see inset Fig. 7) was » 
measured. This angle served as an inverse measure of the extent of per- 
manent curvature of the filaments in the X Y-plane. 

The r, for each particle was calculated from measured values of 7 and 
G using the exact version of Eq. [1]. 

The experimental points in Fig. 7 show that r, (or more correctly TG) 
was extremely sensitive to small deformations. As a fell from 180° for a 
straight particle to 160° for a bent one, r, decreased by a factor of about 9. 

For comparison, the axis ratio r, of the figure formed by rotating the 
XY-projection of each filament about the chord joining its ends was cal- 
culated from the equation 


cos" (a/2) 
~ 1 = sin (@/2)’ BI 


v 


which is based on the approximation that the configurations formed arcs 
of a circle. 

The change in 7, with a is shown as the solid line in Fig. 7. The trends 
of r. and r, with a showed remarkable agreement except at a = 180°, 
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Fic. 7. The effect of permanent deformation on r, for rigid rotation in the XY- 
plane. The angle a (inset) is an inverse measure of the curvature of a particle in the 
XY-plane. The experimental points show that r, is highly sensitive to small deforma- 
tions. The line represents calculated values of the axis ratio 7, , of the solid formed 
by revolution of the XY projection of the filament about the chord joining the ends. 


where 7, tends to infinity since Eq. [3] neglects the finite thickness of the 
particles. 

The above experiment demonstrated the sensitivity of TG to small 
permanent deformations. The fall in TG found previously (Fig. 6) in the 
region of r where pronounced shear-induced bending of the particles oc- 
curred was therefore explainable as the result of permanent deformation 
of the particles in the XY-plane. To determine the variation of TG with 
r up to values of r at which the particles described springy and snake 
orbits, it was therefore necessary to use particles which were free of per- 
manent deformations. Such experiments are described below. 

It is interesting to note that the intrinsic viscosity of the 3.5 » diameter 
rayon suspensions in castor oil increased linearly with r up to Terit. , after 
which it increased much more rapidly, presumably because of permanent 
deformation of the filaments by the action of the gradients (12). This is 
illustrated in Fig. 8. 

c. The Variation of TG with r. Experiments on TG vs. r were repeated, 
using the Apparatus No. 2, taking great care to use only those particles 


which were initially straight. 
Rayon and Dacron filaments were each cut to a series of lengths corre- 
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Fia. 8. Intrinsic viscosity ao of 3.5 » diameter rayon filaments in castor oil at vari 
ous axis ratios below and above the calculated critical values corresponding to 


G = 93 sec.-!. From the data of Nawab and Mason (12). 


TABLE III 
Variation of TG with r 


Material and suspending No. in Mencia 

: r (g./em Mean TG 

medium sample ‘ 

sec.?) 
3.5u rayon filament in cas- | 48 10 319 172 (13) 
tor oil 7 = 40.5 poises 100 10 249 347 (23) 
173 10 338 513 (40) 
241 10 311 549 (48) 
357 10 308 622 (51) 
7.84 Dacron filament in | 102 12 541 321 (86) 
corn syrup 7» = 91.2 | 139 10 542 397 (44) 
poises 180 10 469 477 (59) 
228 10 544 580 (58) 
310 10 445 631 (48) 
414 5 440 648 (53) 
7.84 Dacron filament in di- | 228 10 44,7 537 (65) 
luted corn syrup 7 = 11.4 | 310 10 54.3 610 (68) 
poises 414 5 54.3 616 (78) 


Bracketed values are standard deviations of associated means. 


Orbit 


Rigid 

Rigid 

Rigid 
Springy 
Springy-snake 
Rigid 

Rigid 

Rigid 

Just springy 
Springy 
Snake 

Rigid 

Rigid 

Just springy 
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sponding to axis ratios from 50 to 400. The Dacron samples were sus- 
pended in corn syrup and the rayon in castor oil. The periods of rotation 
of ten filaments, of each length and material, were timed at known shear 
rates. 

Table III and Fig. 9 show that the results for rayon and Dacron were 
in good agreement despite the high standard deviations of TG from the 
mean. With the precautions taken in these experiments 7G was found to 
increase with r over the entire range of r, even at values at which springy 
and snake orbits were observed. As r increased, the value of TG deviated 
at an increasing rate from the predicted value for rigid prolate spheroids 
of corresponding axis ratios. 

It was previously shown (1) that the deforming forces exerted by the 
shear field and hence the extent of shear-induced deformation were a func- 
tion of Gn. It was therefore of interest to repeat the experiments with 
Dacron samples of r = 228, 310, and 414 at similar shear rates, this time 
in corn syrup diluted with water to reduce the viscosity (and therefore 
Gn) by a factor of about 10. In the diluted medium, the r = 228 and 310 
samples described rigid orbits (compared to springy in the undiluted 
medium) and the r = 414 sample appeared springy (compared to snake 


9° 100 200 300 400 


Je 


Fig. 9. TG vs. r. for particles having no permanent deformation. Triangles: 3.5m 
diameter rayon in castor oil, » = 40.5 poises. Circles: 7 .8u diameter. Dacron in corn 
syrup, 7 = 91.2 poises. Squares: 7.8u diameter. Dacron in corn syrup, 7 = 11.4 poises. 
Open points: rigid rotations. Half-closed points: springy rotations. Closed points: 
snake rotations. 

The thin broken line represents the relationship for prolate spheroids as calcu- 


lated from Eq. [1]. 


488 FORGACS AND MASON 


orbits). It seemed that a small drop in TG resulted from the reduced 
flexibility, as is evident in Table III; however, the scatter in TG for the 
individual specimens in each sample was too high to draw quantitative 
conclusions from this set of experiments. The results nevertheless in- 
dicated that with filaments of high r which are straight when at rest, any 
change in 7G resulting from changes in recoverable deformation is small 
when compared to the changes caused by permanent deformation. 

In this work, the relationship between TG and r was determined up to 
values of r at which snake orbits occurred. A further extension to filament 
lengths at which coiled orbits occur would be of interest. 

d. The Variation of TG with G. The change in TG with G was investi- 
gated for a series of rayon filaments undergoing flexible orbits. Shghtly 
curved particles were used, since the lower periods of rotation (compared 
with straight particles) greatly facilitated accurate timing, without alter- 
ing the nature of the experiments. 

Figure 10 shows the 7G vs. G curves for filaments of axis ratios 311, 


100 
80 
iG 
60 


40 


20 


| 2 3 4 5 6 
G sec."! 


Fig. 10. TG vs. G for rayon filaments undergoing snake rotations. Curve 1: r = 311. 
Curve 2: r = 386. Curve 3 (open points): r = 491. Curve 4 (closed points): r = 583. 


The increase of 7G with G is more pronounced, the longer (and hence more flexible) 
the filaments. 
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G sec! 


Fig. 11. TG vs. G for various deformable particles. (1) Rayon filament (snake ro- 
tation), 7 = 311. (2) Rayon ‘‘bundle.’’ (3) Elastomer helix. (4) CHP drop. In each 
case, 7G increases with G. 


386, 491, and 583. Each curve represents the average of separate measure- 
ments on three single filaments of the same r. The value of TG increased 
with G, following the same pattern as for pulp fibers (8). The rate of in- 
crease d(TG)/dG was greater the longer the filaments, though no further 
change between the two samples of highest r was apparent. Since the 
ability of filaments to deform under given shear stresses increases with r, 
the results support the previous evidence (8) that A(7TG)/AG is deter- 
mined by the amount of shear-induced deformation. 

It is reasonable to assume that the change in TG with G would be less 
pronounced for filaments which are perfectly straight when relaxed, since 
permanently curved particles not only bend under compression but also 
straighten visibly in the quadrants of the rotation during which the fila- 
ments are under tension, thereby enhancing the over-all shear-induced 


deformation. 
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The increase of 7G with G is not limited to threadlike particles. Several 
bundles of rayon filament (7 = 311) were prepared by joining about 20 
filaments at their centers by means of droplets of wax, and their periods 
of rotation over a range of G were measured. The periods of rotation of 
elastomer helices at various velocity gradients were also measured, as were 
the periods of circulation of deformed cyclohexanol phthalate drops (7 = 
238 poises at 20°C.), using small particles of dust at the drop interface as 
markers. Figure 11 shows the TG vs. G curves for a flexible rayon fila- 
ment, a bundle, a helix, and a drop, all of which underwent increasing 
deformation with increasing G. In each case, TG increased with G, in con- 
trast with rigid particles such as rods and spheres (2) where TG was in- 
dependent of G. These results generally support the hypothesis presented 
in the Introduction. 


SUMMARY 


The behavior of deformable threadlike particles in suspensions subjected 
to velocity gradients has been studied. 

For a given value of (shear rate) X (viscosity of suspending medium), 
there exists a critical length at which threadlike particles in suspension 
will bend during rotation under the stresses imposed by the shear field. 
Over a limited range of particle lengths above the critical length, the de- 
formation increased as the length was increased. However, the particles 
straightened twice during each rotation, during that part of the orbit in 
which they lay parallel to the planes of shear. When the particle length 
was increased further, the particles formed rotating helices or coils. As 
the shear rate was increased, the change in shape of the projection of the 
coils on the plane parallel to the velocity gradient resembled the change 
in shape of deformed fluid drops. 

The periods of rotation of permanently bent particles were shown to 
be appreciably lower than those of straight particles. Whereas the product 
(period of rotation) X (velocity gradient) was constant for rigid spheres, 
ellipsoids, and rods, it increased with deformable particles at a rate which 
was related to the amount of deformation resulting from shear. 

The work is of interest in connection with the viscosity and other flow 
properties of suspensions and the streaming birefringence of solutions of 
macromolecules. It also forms the basis of a method of measuring the 
flexibility of wood-pulp fibers. 
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INTRODUCTION 


In the interpretation of flow curves, little progress has been made since 
the extensive work of Philippoff (1). Only in the last few years have 
several investigators undertaken the task of analyzing flow curves with 
the intention of obtaining more information on the solute molecules. In 
our view, most noteworthy is the observation by Umstatter (2) that there 
exists a relation between the inflection point of a flow curve (on a log-log 
plot) and the molecular weight of the solute in that the former is found at 
smaller shear gradients when the molecular weight is increased. Edelmann 
(3) has presented some experimental evidence for that finding. Umstatter, 
it is true, has also put forward a theory to explain this behavior along with 
many other rheological phenomena, namely, his ‘Strukturmechanik,” 
but since quite a number of serious objections have been raised against 
these ideas we shall dispense with a discussion of the theory. Furthermore, 
Philippoff (1) himself gave the clue that useful information about the poly- 
dispersity of a given sample might be contained in the flow curves, and in 
this regard Meskat (4) was the first one to show experimentally that 
there exists a connection between polydispersity and the shape of the 
flow curve; by means of an approximation method he was even able to 
derive a relation between these two properties. Edelmann (3) too has 
contributed to this question following Umstatter’s theoretical ideas. 
Finally, it has to be mentioned that Umstitter (5) also claims to be able 
to calculate molecular weights from the flow curve on an absolute scale. 
His results, however, are somewhat dubious and in any case open to 
critical reconsideration. 

Our earlier work (6) has been concerned with attempts to draw informa- 
tion from flow curves, and with many experiments we have confirmed the 
statements that (7) a relationship exists between the molecular weight 
and the inflection point of the flow curve, and (2) the shape of the flow 
curve reflects the polydisperity of the solute. With these two points in 
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mind, we felt that a thorough experimental analysis of flow curves would 
be worth while. A short account of our latest results is presented. 


THe FLtow Curve 


By “flow curve” we understand a plot of log D versus log + (Philippoff), 
where the mean shear gradient D and the maximum shearing stress 7 are 
given as: 


eps 
aS ) 


T 


where Q is the flow volume per second, r is the radius of the capillary, 
lis the length of the capillary, and p is the driving pressure. The complete 
flow curve starts out as a straight line with a 45° slope (range of constant 
initial viscosity 70), then assumes an S-shape, and finally ends up again 
as a 45° straight line (7..). The slope of the flow curve will be designated 
as o, it has a maximum value at the inflection point. Obviously, only flow 
curves extending from 7 up to 7. can be regarded as complete. Since the 
range of 7» is sometimes rather difficult to attain experimentally, it is not 
always feasible to obtain complete flow curves. More detailed information 
on this subject is given elsewhere (7, 8). 


EXPERIMENTAL INTERPRETATION OF FLOW CURVES 


On the basis of experimental results, we have developed a certain formal- 
ism regarding flow curves of high polymer solutions, which we find valid 
for all systems investigated so far. Quantities referring to the inflection 
point of the flow curve will be denoted with a *-sign (e.g., D, 4, ¢). The 
value of D at the inflection point (the ‘critical’? mean shear gradient D) 
is related to the molecular weight by the equation: 


‘Dp = oe (1] 


where a and b are constants for a given system. Primarily, D seems to be 
related to the particie weight in general. By observing D as a function 
of the concentration c, we should be able to detect eventual variations of 
the particle weight. If, however, D turns out to be independent of concen- 
tration, we are dealing with very stable particles—very likely with macro- 
molecules. What we actually observe is, that when beginning with higher 
concentrations, D becomes first 2S as the concentration goes down; 
until, from a certain concentration c’ on, no more change of D with ¢ 
is found. We suggest that c” may be eel as that concentration at 
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which molecular dispersion takes place. Naturally, only values of D inde- 
pendent of concentration should be used for determining the constants of 
Eq. [1]. Also, it must be considered that Eq. [1] allows determination of 
molecular weights only after calibration, and thus the nature of the molec- 
ular weight average depends also on the method of calibration. 

The slope of the flow curve o is connected with the concentration c of 
the solute by the equation: 


¢=1+B(M)-c [2] 


B(M) is a function of the molecular weight, the nature of which is not 
known in general. For several systems, we found that—at least as an ap- 
proximation—: 


g(M) = 6'-M 
so Eq. [2] would read: 
¢o=1+8'-M-e. [3] 


Finally, we approach the polydispersity problem by the outlined formalism. 
In general, we assume that the shape of the flow curve is shaped by four 
effects, namely, the response of the single, isolated particle (flow curve of 
the isolated particle), the statistics. of the chain molecule, interaction ef- 
fects, and the polydispersity of the sample. Only if the last effect—namely, 
polydispersity—plays a role much larger than the other three can we hope 
to derive polydispersity from flow curves. This assumption seems to be 
supported by several findings. In order to arrive at a formula for poly- 
dispersity, we may argue as follows. Every point on the flow curve corre- 
sponds to a certain molecular weight, the relationship given by Eq. [1]. 
The slope in each point, corrected for the influence of molecular weight and 
interaction (the latter is kept small by working with dilute solutions), 
gives us the relative concentration, in which the respective molecular weight 
is present. By plotting ¢ — 1/8(M) vs. M (M calculated from D by means 
of Eq. [1]), we should obtain curves resembling the polydispersity curves. 
Of course, we have to regard these curves as an approximate expression 
for polydispersity; they may well be distorted by other effects (cf. reference 
7), but in general they should correspond to the molecular weight dis- 
tribution. We have named these « — 1/6(M) vs. M curves ‘“PD-Kenn- 
kurven”’ to stress the approximate character of the relation. 


RESULTS 


We distinguish between the rheological behavior of macromolecules 
known as more or less freely draining (a in the Mark-Houwink equation 
close to 1) and those with a pronounced immobilization of solvent (a close 
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Fig. 1. Flow curves of Na-carboxymethylcellulose (P = 510) in 6% NaOH. 


to 0.5). In the first case, structural viscosity is very significant, and even 
with rather small concentration and molecular weight we obtain well- 
pronounced flow curves. Also, in this case the inflection point is constant 
up to considerable concentrations. In Fig. 1 such flow curves are shown for 
Na-carboxymethyleellulose in 6% NaOH. With such systems (including 
viscose, cellulose nitrate, carboxymethylcellulose, etc.) all our empirical 
equations are valid, and, for example, molecular weight determinations are 
possible with great accuracy. Figure 2 gives the plot according to Eq. [1] 
for a number of systems. 

With the second type of polymers, which include polystyrene, polyiso- 
butylene, polyvinylpyrrolidone, etc., things are somewhat different. 
Structural viscosity is not so pronounced (it becomes sometimes difficult 
exactly to locate the inflection point!) and in order to obtain good flow 
curves, we have to use relatively high concentrations and molecular weights. 


Fra. 2. Relation between D and P. 1: Cellulose nitrate/butyl acetate. 2: Na-car- 
boxymethylcellulose/6% NaOH. 3: Viscose 8% Cell., 8% NaOH. 4: Viscose 4% 
Cell., 15% NaOH. 6: Cellulose/cupriethylenediamine (¢ = 1%). 6: Cellulose/Fe- 
Na-tartrat-NaOH (c = 1%). 


Fig. 3. Flow curves of polystyrene in toluene (mol. wt. = 9 X 105). 
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Fig. 4. Relation beteen D and M. 1: Polyacrylonitrile/dimethylformamide. 2: 
Natural rubber/toluene. 3: Polystyrene/toluene (c = 1%). 4: Polyvinylpyrrolidone/ 
water (c = 1%). 5: Polyisobutylene/toluene (c = 1%). 


Cellulose nitrate 


Fria. 5. Slope « vs. concentration c for cellulose nitrate/butyl acetate. 


The inflection point becomes constant only for rather small concentrations, 
and in some cases structural viscosity vanishes before the concentration 
c’ (i.e., inflection point independent of concentration) is reached. In 
such cases, since an extrapolation of the inflection point to zero concen- 
tration is not satisfying, it turned out best to use flow curves of one single, 
possibly lowest concentration in order to set up curves corresponding to 
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Fic. 6. Differential mass distribution curve h(P) and PD-Kennkurve of a cellu- 
lose sample. 


Eq. [1]. Figure 3 shows some flow curves of polystyrene in toluene; the in- 
constancy of the inflection point is readily observed. Finally, in Fig. 4 the 
plots according to Eq. [1] for several systems with hindered flow are shown. 
As we see, Eq. [1] is still valid, but the accuracy is less owing to possible 
errors in the determination of D, and the relations are valid only for one 
concentration. Interestingly enough, cellulose, dissolved in cupriethylene- 
diamine or in Fe-Na-tartrat-NaOH, shows no constant inflection point 
and so seems rather to belong to the second group. 

In order to present some support also for our further equations, we have 
plotted in Fig. 5 the slopes of a series of flow curves for cellulose nitrate; 
we recognize easily all features of Eq. [2]. Finally, in Fig. 6 we have com- 
pared our method of the ‘“PD-Kennkurven”’ with classical polydispersity 
determination. For a sample of cellulose we have plotted the differential 
mass distribution curve, as obtained from a usual fractionation with the 
nitrate, and the PD-Kennkurve derived from a flow curve of viscose made 
of this sample. The agreement is astonishingly good, if we consider the 
approximate character of the method. Of course, the PD-Kennkurven are 
reliable only so long as the molecules in solution show structural viscosity. 
So, with lower molecular weight, the reliability decreases and finally the 
curves become meaningless as soon as the molecular weight is so low that 
no more structural viscosity is exhibited under given conditions. That is 
why most of our PD-Kennkurven suddenly become useless at degrees of 
polymerization below 200. Furthermore, PD-Kennkurven are meaningful 
only if derived from very low concentrations, since obviously with higher 
concentrations mutual interactions of solute molecules distort the flow 
curve in such a way that polydispersity effects are completely masked. 
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Discussion 


It is our conviction that flow curves yield much information. Unfor- 
tunately we do not yet know how to derive them. Fundamentally, we recog- 
nize that experimental flow curves are complicated. First, the macro- 
molecule in solution has no definite shape; being a chain molecule its 
shape is changing continuously in a statistical sense and is characterized 
by a “change of constellation time.” This, however, should not be very 
important since we can describe adequately the shape of the molecule by 
an average value. So the single, isolated molecule will respond to the 
shearing force applied in a way given by its characteristics; namely, molec- 
ular weight, shape, and stiffness. This shear dependent response, summed 
over all molecules present in the investigated sample, will lead to a certain 
relationship between shear gradient and shearing stress (or, more exactly, 
between the respective tensors): this relationship we may call the friction 
law of the single molecule. Actually things are still more complicated. We 
never deal with uniform molecules, but our samples are more or less poly- 
disperse, that is, they contain molecules of varying size. Since the molec- 
ular weight is an important factor in determining the rheological behavior 
of a molecule, this polymolecularity will be also reflected in the friction law. 
Finally, in the finite concentrations we are working with, interactions 
ranging from pure hydrodynamical hindrance to actual associations will 
modify the flow pattern. All these effects will cooperate to define the fric- 
tion law of the sample investigated; thus, it should be possible to derive 
information on these points once the friction law is known, provided the 
different effects can be separated. 

Now the friction law is not identical with the flow curve we measure 
(cf. reference 9). The friction law gives a relationship (for the volume 
element) between actual shear gradient and shearing stress. Measure- 
ments, however, are carried out not on a volume element but on a macro- 
molecular scale, that is, for example, in a capillary, in which the hydro- 
dynamical forces are varying across the diameter. What we measure here 
are average or extreme values; for the capillary, for example, it has become 
customary to measure a ‘mean shear gradient” (which actually represents 
a reduced mean flow velocity) as a function of the “maximal shearing 
stress” (at the capillary wall). This function is called the flow curve. In 
addition to these instrumental particularities, a further modification 
(mathemathical) is brought in by the way of plotting (variables or their 
log). Methods have been suggested of rendering actual measurements more 
or less independent of instrument dimensions by appropriate choice of 
variables; in any event, however, the flow curves we obtain in our experi- 
ments are not identical with the friction law, though they contain it. It 
has been shown for several cases (capillary, couette-gap) how the friction 
law can be derived from experimental flow curves by solving an integral 
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equation. Such a calculation has, for example, been carried out for the 
capillary by Weissenberg (among others), and his formula allows the 
graphical construction of the friction law when the experimental flow curve 
is known. 

In order to establish relations between flow curves and molecular proper- 
ties, several points have to be considered. If a physical interpretation is 
attempted, following the ideas of any theory, we must try to establish the 
friction law first. Only figures given in this may be interpreted as actual 
molecular properties. Such a procedure is lengthy and troublesome and 
has not been tried out too frequently in the past. Another possibility would 
be to look for connections between experimental flow curves and molecular 
properties in an empirical way. We have employed this method and useful 
relations can be found. These relations are obtained after an empirical 
calibration, and so all those factors mentioned in the foregoing are put into 
the empirical constants. Our equations are readily open to experimental 
tests on an extensive scale, but it has to be remembered that their con- 
stants have no longer a straightforward physical meaning: they will not 
allow absolute calculation of molecular parameters, and their physical in- 
terpretation must be carried out with the utmost care. 

This method of flow curve interpretation is only a first step. The final 
aim must be the absolute calculation of molecular parameters from data 
taken from the friction law via flow curves. Much work will be necessary to 
reach this goal. Concerning instruments, we prefer those with a rather 
translucent theory in order to keep the apparatus influence small. As to 
materials, most promising appear investigations on free-draining macro- 
molecules of approximate monodispersity in very dilute solutions; these 
conditions would help to give us, approximately, the flow curves of single 
molecules free from interaction and polydispersity effects. It would be most 
important to measure flow curves of strictly monomolecular materials free 
from interaction effects, “ideal flow curves,” as we have called them. Fi- 
nally, there remains a pressing need fora theory which can describe complete 
flow curves in sufficient agreement with experimental findings. 
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ABSTRACT 


Experiments on W/O emulsions of moderate concentration, stabilized with oil- 
soluble, ionizing stabilizers, show that in these emulsions no correlation exists be- 
tween stability against flocculation and electrokinetic potential. Although, accord- 
ing to theoretical calculations, energy barriers of over 15 kT’ are present, if the 
radius of the dispersed globules is about 1 » and the electrokinetic potential ex- 
ceeds 25 mv., they apparently do not prevent lasting contact between particles. All 
our emulsions flocculate rapidly, even in the presence of a surface potential con- 
siderably higher than 25 mv. 

A rather pronounced anticorrelation exists between the zeta potential and coa- 
lescence. It is explained as a consequence of the free mobility of the stabilizing 
molecules in the interface. 

The good stabilization against coalescence caused by some oleates of polyvalent 
metals is due to the formation of a thick film of partial hydrolyzates in the inter- 
face. 


INTRODUCTION 


As early as 1914 Newman (1, 2) reported that the oleates of barium, 
magnesium, zinc, and cadmium stabilize W/O emulsions. Shortly after- 
wards Briggs and Schmidt (3) used Mg-oleate to stabilize W/O emul- 
sions containing up to 90% of water. They were the first to notice that the 
stabilized water globules were of irregular shape—a fact observed after- 
wards many times by other investigators. In 1940 Schulman and Cockbain 
(4) attributed this irregularity to the stiffness of the interfacial film. 
From their experiments they concluded that W/O emulsions are formed 
only when the film of stabilizer molecules in the interface is uncharged 
and stiff as a result of complex formation. In the discussion of their experi- 
mental results they argued that a W/O emulsion can not be stabilized 
against flocculation by charge on the water droplets because, oil being a 
nonionizing medium, an electrical diffuse layer or ionic atmosphere can 
not be built up. Further, according to them a charged film is not able to 
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prevent coalescence because owing to repulsion between the stabilizer 
molecules in the interface, no interlinked solid condensed film can be 
formed. In 1951 Moilliet and Collie (5) endorsed this view. 

In 1933, however, Fuoss and Kraus (6) had already shown that even 
in apolar oils a distinct though very small ionization may occur. An ion- 
forming compound, such as a polyvalent metal salt of an organic acid, 
dissolved in benzene (for convenience we refer to this liquid) in a con- 
centration of about 10 mmoles per liter possesses a degree of ionization 
in the order of 10-8. Consequently the ionic concentration is in the order 
of 10° N, so that, in spite of the low dielectric constant of the medium, 
the electrical double layer is very diffuse, i.e., the corresponding Debye 
length 1/x is several microns. Therefore, as Koelmans and Overbeek (7) 
remark, the capacity of the double layer in such apolar systems is very 
low and only very little charge is needed to obtain appreciable surface 
potentials. The repulsion at the low ionic concentrations involved, is de- 
scribed in good approximation by Coulomb’s law 


We — po. € a/R, 


in which Vz = energy of interaction, ~ = surface potential, « = dielectric 
constant, a = radius of the droplet, and R = distance between the centers 
of the particles. When the Coulomb repulsion is combined with the van 
der Waals attraction (van der Waals’ constant A = 10” erg, cf. 
Hamaker (8)) an energy barrier of 15 kT is obtained in the case of a 
radius a = 1 uw and a surface potential Yo = 25 mv. (see Fig. 1). This 
surprisingly high maximum of about 15 k7’, which value as a rule is suffi- 
ciently high to stabilize against flocculation, is due to the very slow decay 
of the electrical repulsion between the particles with the distance. 

On the one hand, these calculations are supported by experiments of 
van der Minne and Hermanie (9). They observed a carbon suspension of 
concentration 0.1% in mineral oil and found that stabilization against 
flocculation is obtained when the electrokinetic potential, ¢, exceeds 20- 
25 mv. The carbon suspension was stabilized with the calcium salt of di- 
isopropylsalicylic acid, an oil-soluble soap. Similar facts were found by 
Koelmans (7) for suspensions in xylene. 

On the other hand, the above calculation seems to be contradicted by 
the general experience that W/O emulsions of moderate concentration 
always flocculate, or as Pink (10) expressed it, that the fundamental dif- 
ference in the two types of emulsions is reflected in the more rapid cream- 
ing which is so characteristic of the oil-continuous type. 

In order to try to solve the contradiction pointed out above, we de- 
termined the electrokinetic potential and the stability against floccula- 
tion and against coalescence of a number of water-in-oil emulsions, sta- 
bilized with stabilizers, which ionize to some extent in the oil phase. 
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—+ Energy of interaction 


Fic. 1. Potential energy of interaction between two globules with radius a = ly 
in oil as a function of the distance d between the surfaces. The surface potential 
Yo = 25 mv.; dielectric constant of the oil e = 2.3.1 = Coulomb repulsion; II = 
van der Waals’ attraction. 


MATERIALS AND EXPERIMENTAL METHODS 


Oleates of polyvalent metals were prepared by double decomposition 
between inorganic salts of the bi- and trivalent metals and the calculated 
equivalent amount of sodium oleate, dissolved in water of about 90°C. to 
prevent enclosure of impurities (11). The precipitated oleates were washed 
with water, dried first over CaCl; in a desiccator, next in a hot air oven 
during 45 minutes at 105°C. 

Ca-didodecylsalicylate and petroleum sulfonates of some bivalent 
metals were obtained from Koninklijke Shell Laboratorium, Amsterdam. 
The sulfonates were liberated from mineral oils by dissolving in a hot 
mixture of 50% ethanol in water, subsequent extraction of the mineral 
oil with a low-boiling petrol fraction, followed by evaporation of the sol- 
vent. 

Benzene was thoroughly dried by distillation over sodium to prevent 
the precipitation of any possible hydrated modification of the soap (12). 

Electric conductivity, down to about 10°** 27 em.”, was measured by 
a simple d.-c. method following Koelmans (7). The conductivity cell (see 
Fig. 2) was treated on the outside with silicons to repel moisture. The 
distance between the platinum electrodes is small compared with the 


504 ALBERS AND OVERBEEK 


DLLLLLLLLLLA 


Lteayjy pitt dbith, 
SY 


Fig. 2. Conductivity cell for media with low dielectric constant. 


distance between the inner wall of the bulb and the electrodes. Thus 
trouble by conduction of the electric current alongside the glass walls 
of the cell is diminished. This has been proved to be effective because by 
measurements on pure benzene a specific conductivity lower than 10“ 
Q~ em. was obtained. This is small as compared with the specific con- 
ductivities of the solutions of soaps of polyvalent metals and other ionic 
stabilizers in benzene, which are in the order of 102° Q7 em.~. 

A Philips d.-c.-electronic Voltmeter-pH meter G.M. 4491 was used to 
determine the potential in the circuit. 

The electrophoresis measurements were carried out in the cylindrical 
cell as described by van der Minne and Hermanie (13). During these 
measurements the applied voltage never exceeded 100 v./em. to prevent 
electrostatic induction effects that would otherwise disturb the electro- 
phoresis measurements. 


The emulsions were prepared by adding water slowly to the solution of 


STABILITY OF EMULSIONS OF WATER IN OIL. I 505 


stabilizer in benzene under the influence of the vigorous stirring of a 
centrifugal emulsifier, the IKA Ultra Turrax (type TV 45, Janke and 
Kunkel, KG, Staufen i. Br.). The concentration of the soap in the oil in 
most cases amounted to 10 mmoles/]. The W/O emulsions used in the 
sedimentation or breaking experiments contained 15 volume per cent of 
water. The percentage of water used in the electrophoresis measurements 
was about 0.005. This low percentage was obtained from an emulsion 
containing 15 volume per cent of water by diluting with the oil phase of 
an identical emulsion. The radii of the water droplets ranged mostly be- 
tween 1 and 4 ». Measurements of sedimentation and breaking were carried 
out in glass-stoppered graduated cylinders. 


MEASUREMENTS AND RESULTS 


Emulsions of water in benzene have been prepared in the presence of 
oleates of the metals Al, Ba, Ca, Cd, Cu™, Fe™, Hg!!, Mg, Mn, Ni, Pb, 
Sr, and Zn, petroleumsulfonates of Ba, Mg, and Zn and Ca-didodecyl- 
salicylate. The soaps are soluble in benzene except the oleate of Hg™. 
They are insoluble in water. When they are dissolved in benzene in con- 
centrations of 10 mmoles/1. their specific conductivity appears to be in 
the order of 10° 2 * em. *. These soaps of polyvalent metals promote 
water in oil emulsions which, however, all flocculate, as observed by sedi- 
mentation velocity and microscopic examination. Some of these flocculated 
emulsions are stable against coalescence, others are not. In column 1 of 
Table I a series of oleates has been given, from the top downwards increas- 
ing in ability to stabilize emulsions of water in benzene against coales- 
cence. The time interval between the preparation and the breaking of the 
emulsion is adopted as a measure for stability against coalescence. From 
Ba-oleate up to and including Sr-oleate the time of coalescence increases 
from a quarter of an hour to about 20 days. The oleates of Fe™, Mg, Pb, 
and Cu! stabilize against coalescence for several months and even longer. 

Determination of the interfacial tension by stalagmometer showed that 
the oleate molecules are strongly adsorbed at the interface between water 
and benzene. The polar head will dip in the water phase; the hydrophobic 
hydrocarbon chains will point into the oil phase. By ionization of one 
negative oleate ion from the oleate molecule a positive metal-mono-oleate 
ion will remain in the interface. It is observed actually from electrophore- 
sis measurements that the water droplets of the water in benzene emul- 
sions are positively charged. Zeta potentials have been calculated from the 
observed electrophoretic velocities using the equation: 


_ Bt 
~ 6rn’ 


in which v, = electrophoretic velocity, « = dielectric constant, H = ap- 
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TABLE I 
Correlation between the Electrokinetic Potential ¢ and the Stability against Coalescence 
in Water-in-Benzene Emulsions Stabilized by the Oleates of 
Polyvalent Metals and Some Other Stabilizers 


1 2 3 
once are geet Speco aloe peregrine tees ey 
Ca-didodecylsalicylate 130 
Ba-oleate 0 A few hours 
Mn-oleate 70 
Ca-oleate 20 
Zn-oleate 50 
Al-oleate 45 
Mg-petroleum sulfonate ) Some days 
Ba-petroleum sulfonate 80 
Zn-petroleum sulfonate 
Ni-oleate 32 
Cd-oleate 22 10-20 days 
Sr-oleate 10 
Fe"™!-oleate 
Mg-oleate 15 Several months 


Pb-oleate 
Cull-oleate 


———— 


plied field strength, ¢ = electrokinetic potential, and 7 = viscosity of the 
oil phase. 

As the double layer in oil is extremely diffuse and therefore the decay 
of the potential with the distance from the interface slow, the surface 
potential yo may be identified with ¢. 

Electrophoresis measurements on water in benzene emulsions stabilized 
with Ca-didodecylsalicylate gave a surface potential of 130 mv. These 
emulsions broke immediately after preparation. When stabilized with 
Mg-, Zn-, Ba-petroleum sulfonates a Yo of about 80 mv. was obtained. 
These emulsions break within a week. 


STABILITY AGAINST FLOCCULATION 


It is obvious from the experiments described above that a surface po- 
tential considerably higher than 25 mv. is not sufficient to stabilize dis- 
persed droplets with a radius equal to or larger than 1 uw against floccula- 
tion. This is shown on the one side by the high sedimentation velocities, 
on the other side more spectacularly by the rapid breaking of some such 
W/O emulsions. For, evidently, coalescence can take place only after 
introductory flocculation. These observations seem to be in contradic- 
tion with the calculations of Koelmans (7) mentioned above, from which 
it followed that in nonpolar media surface potentials of 25 mv. provide a 


STABILITY OF EMULSIONS OF WATER IN OIL. I 507 


sufficiently high energy barrier to prevent flocculation of two particles 
with radii above 1 yu. In a subsequent paper in this journal we shall show 
that although Koelmans’s conception is correct for very dilute suspen- 
sions and emulsions it is not applicable to more concentrated emulsions 
and certainly not to the cream layer. In this paper we direct our attention 
to stabilization against coalescence. 


STABILITY AGAINST COALESCENCE 


The specific conductivities of the solutions of the different oleates in 
benzene have almost the same value, indicating equal degrees of ioniza- 
tion. Nevertheless as shown in Table I surface potentials differ appre- 
ciably. The low value observed in water in benzene emulsions stabilized 
by Cu™—and some other oleates might be due to partial hydrolysis of 
the soap. The products of hydrolysis are insoluble both in water and in 
benzene, accumulate at the interface, and interfere with the formation of 
an electrical double layer in the oil phase. 

To test this point of view interfacial films of emulsions with low surface 
potentials, stabilized by Cul!, Fet™!, or Mg-oleate were collected and 
analyzed. After breaking the emulsions by centrifuging the films were 
filtered, dried first over CaCl, in a desiccator, next in a hot air oven during 
45 minutes at 105°C. 

The results of the analysis are shown in Table II, together with the 
calculated compositions of the pure oleates and the calculated compositions 
of possible products of hydrolysis. 

The data for Cu, Fe, C, and H in column 2 of Table II are obtained 
by polarography, by colorimetry, and via combustion in the conventional 
gravimetric way, respectively. The percentage of O is acquired by sub- 
traction from 100%. 

Comparison of column 2 and column 3 makes it plausible that these 
emulsions are stabilized by hydrolysis products. 

The notion that soaps which do not stabilize water in benzene emul- 
sions against coalescence do not hydrolyze either is supported by the ex- 
periments of Pink (12). He studied the effect of water on benzene solutions 
of Mg-, Ca-, Sr-, Ni-, and Zn-oleates. Two per cent solutions of the soaps 
in benzene were shaken with an equal volume of water. After breaking 
of the resulting emulsions the concentration of soaps remaining in the 
benzene layer was estimated. It appeared that almost the whole quantity 
of Mg-oleate had been removed from the benzene phase. Ca- and Sr- 
oleate had disappeared for the greater part but the oleates of Ni and Zn 
were found back nearly completely in the benzene phases, indicating that 
the poor stabilizers, viz., Ni- and Zn-oleate, scarcely hydrolyze. 

The stabilizing action of the hydrolysis products may be explained in 
two ways. They may be considered as small particles, insoluble in both 
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TABLE II 


The Composition of the Hydrolysis Products of the Oleates in the 
Interfacial Film with Low Potential 


1 D 3 
Theoretical Hydrolysis Possible composition of the hydrolysis 
oleates products products 
Mg-oleate: 
Mg 4.14 7.45 
C 73.68 67 .06 67.02 
H 11.26 10.41 10.55 
O 10.92 14.98 


Mg-OlOH or Mg(OH)2MgOl, complex 


Cul-oleate: 


Cu 10.16 24.25 + 0.25 23.96 
C 69.06 46.87 45.28 
H 10.55 6.35 6.41 
O 10.23 22.53 24.35 


Cu-OlIHCO;-CuCO; or (CuCO;)2:HOl complex 


Felll-oleate: ay OfeD 
Fe 6.21 10.08 + 0.17 10.75 9.86 
C 72.08 53.26 48.37 53.06 
H 11.01 WROo 7.10 7.89 
O 10.70 29.33 33.18 29.19 


(a) Fe(HCO3;)3-HOl complex or 
(b) (Fe(HCOs)s)7-(HOl)s complex in which 
Ol = oleate HO] = oleic acid 


phases and therefore accumulating at the interface. By virtue of their 
largely hydrocarbon character (see analysis) they will be more easily 
wetted by benzene than by water, stick out at the oil side, and stabilize 
the emulsion of water in oil mechanically (14). Alternatively they may be 
considered as forming a continuous, multimolecular, rather rigid layer 
separating the two phases by a layer impermeable to water and prevent- 
ing coalescence of the water droplets. 

Table I shows the unexpected fact that an increase in surface potential 
is roughly correlated with a decrease in stability against coalescence. High 
charge indicates little hydrolysis. Oleates that give a high charge will 
probably be present in the interface as a monolayer as contrasted to the 
multilayer formed by hydrolysis products. The molecules in the mono- 
layer are expected to be quite mobile, because the van der Waals attrac- 
tion between the hydrocarbon chains, dissolved in the oil side of the in- 
terface, will be quite small. After coagulation, the nonhydrolyzed soap 
molecules may be easily pushed away by the attraction forces between 
the water droplets and coalescence will follow. 
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In Table I the position of the oleates of the alkaline earth metals is 


exceptional. The low electrokinetic potential suggests a pronounced 
hydrolysis though rapid coalescence is observed. However, the formed 
hydroxides and hydrocarbonates of these metals are soluble in the water 
phase of the emulsion globule. Consequently the ability of the interfacial 
film to stabilize against coalescence is strongly diminished. 


— 
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ABSTRACT 


It is shown by theoretical calculations that the energy barrier between charged 
droplets in water-in-oil emulsions is strongly diminished when the concentration of 
the emulsion is not extremely low. This is a consequence of the great extension of 
the diffuse electrical double layer in oil. The high concentration in the sediment 
(or cream) therefore strongly promotes flocculation. Gravity also promotes floc- 
culation directly in all but the most dilute W/O emulsions because the weight of the 
particles in higher layers transmitted by the extended double layers presses on those 
in the lower layers and forces them together. 


INTRODUCTION 


It has been pointed out in a preceding paper (1) that water-in-oil emul- 
sions flocculate rapidly, notwithstanding the presence of a rather high 
potential on the water droplets. Calculating the energy barrier in the ap- 
proach of two water droplets with a radius of 1 » and a surface potential 
of 25 mv. a value of 15 kT is found, which ought to retard flocculation quite 
considerably. It will be shown in this paper that because of the long range 
of the electrical repulsion the two particle calculations have to be aban- 
doned. By taking interactions between large numbers of particles into ac- 
count the observed behavior of W/O emulsions with respect to floccula- 
tion can be understood. 


EFFECT OF THE CONCENTRATION OF THE DISPERSE PHASE ON 
THE STABILITY AGAINST FLOCCULATION IN 
Mepis oF Low DIe.ectric CoNsTANT 


In systems in which water is the continuous phase the thickness of the 
double layer generally equals about 10 “10 "u so that electrical interac- 
tion takes place only at very short distances. The potential energy of the 
charged particles at a mutual distance of a few times 10 “u thus equals 


1 Present address, Philips Research Laboratories, Eindhoven, Netherlands. 
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zero with regard to infinite distance. Consequently the total energy barrier 
has to be crossed before flocculation can occur. 

In an oil-continuous system, however, the thickness of the diffuse double 
layer is several microns. The thickness is of the same order as the distance 
between the dispersed globules in a moderately concentrated emulsion. 
The globules therefore possess a potential energy with regard to separation 
at an infinite distance. Consequently the energy barrier is lowered and the 
stability against flocculation is diminished. This effect has already been 
mentioned by Verwey (2). A further lowering of the energy barrier occurs 
as a consequence of the combined interaction of more than two particles, 
as has been illustrated schematically in Fig. 1 for a globule b under the 
influence of two neighboring globules a and c. 

The influence, however, of all the globules must be taken into account. 
The charged globules of the disperse phase are distributed more or less 
homogeneously in the continuous medium. Very short distances between 
the globules will rarely occur owing to the double layer repulsion. 

To calculate the influence of all the surrounding globules on a particular 
globule 6 a model for the arrangement of the globules has to be assumed. 
In this model we consider twelve nearest neighbor globules to be situated 
on a spherical shell R,; with radius R, , and all the other globules to be 
homogeneously distributed in the space outside a sphere Ry, with radius 


(<3 
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< 
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Fig. 1. Reduction of the energy barrier. The broken lines represent the interac- 
tion between the globule a and 6 in the absence of c and between c and 6 in the ab- 
sence of a. E; is the energy barrier to be surmounted if particle b approaches a from 
infinity. It is reduced to H2 if b is assumed to start from the position in the drawing. 
It is still further reduced to #; if the simultaneous interaction with c is taken into 
account. The drawn line is the sum of the two broken lines. 
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Frc, 2. Distribution of droplets interacting with droplet b. Twelve droplets on 
sphere Rx, all other droplets outside sphere Rit. 


R, as shown in Fig. 2. The radius R; is chosen equal to the average distance 
between the droplets or to the distance they would have in a regular 12 
coordinated lattice. 
So if y is the volume fraction of spheres with radius a 
3 


alk) gees 
Ry 
=) 
_ 18la. 
Ve” 
and R, is chosen in such a way that the volume within Ry, just corre- 
sponds to the volume available to thirteen particles. 


zs pe = 13 42 (@) 


or 


R, [1] 


Pee NS 
or 


2) 
Ro = Ihe) Ry = se [2] 


Ve. 
The energy of interaction between a pair of globules at a distance x be- 
tween the centers is, according to Verwey and Overbeek (3): 


—ke 


We = Bea Wo et te ; [3] 
v x 
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in which yo is the surface potential, ¢ is the dielectric constant of the me- 
dium, and x is the reciprocal thickness of the double layer. Here, 8 is a fac- 
tor varying between 0.60 and 1.00 which for simplicity will be put equal to 1. 

If the twelve nearest neighbors can occupy any arbitrary position on the 
sphere R, the probability of finding one on unit area of the surface is 
12/47R,. Assuming that the droplet b is situated at a distance g from the 
center of the sphere R,; and using coordinates as given in Fig. 3, the interac- 
tion energy of droplet b with the droplets in the surface element P is given 
by 


12 : 22 axa 
eee ee de lic ae [4] 


Observing ‘that 2 = V/R2+ @ — 2qgRi cosa and integrating over a 
and 6 we find: 


Te ey aces wer westtORE [5] 
= ae : 5 

R eWo Ky q 

The assumption incorporated in Eq. [5] that the twelve nearest neighbors 

can occupy any position on the sphere FR; is not correct for one of the twelve 


neighbors, viz., for the one with which the droplet b possibly flocculates. 


Fic. 3. Interaction of the surface element of the sphere Ax and globule 6 situated 
in S. Here x and q represent the distances between S and the element P and between 
S and the center of the sphere, respectively. 
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if IT 
Fic. 4. I. Interaction between globule 6 and globule ¢ spread over the spherical 
shell. II. Interaction between globule b and globule c in fixed position. 


If we consider, for simplicity, only head-on collisions, this droplet, which 
we call c, has a fixed position as shown in Fig. 4, instead of being spread 
out over one-twelfth of the surface of the sphere. The interaction with 
particle ¢ spread out on one-twelfth of the shell has to be subtracted from 
Eq. [5] and the interaction with c in this fixed position to be added. 

An expression for the first effect is easily found by integrating Eq. [4] 
over 6 from 0 to 2 7 and over a from 0 to are cos 5/6. 

The final expression for the interaction with the first twelve neighbors is: 


eget a (aks ehee ss i. nal ; (6] 
R, eG) xRiq 

The calculation of the interaction with all nonnearest neighbors is carried 
out in a similar way by integrating an expression like [4] but now integrat- 
ing also over the radius of the shell between 1.3 R; and «. The proportion- 
ality constant has now to be equal to the number of droplets per unit vol- 
ume. Consequently 


2.2.2 
Vs = aniaie™ | 


Ve(nonnearest neighbors) = 


OWED eae / [- ee ===  R dR sin ada dé, [7] 


R=1,3R, 


in which « = +/R? + @ — 2Rq cosa. After carrying out the integration 
and adding the result to Eq. [6] the final expression for the interaction 
energy of droplet 6 with all other droplets becomes: 


1.3xR, + it el eR eo — ere 
CRE q 


ane ae 6 (Ry +9) big 
a By —KRIAD) __ ge/ BERg BERG 
ii =¢ KR q ie 3; c | 


V e(total) =e ae verre | 888 
[3] 
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In most cases the underlined term representing the interaction between 
droplets b and c (see Fig. 4) gives the major effect, but the other terms are 
by no means negligible. The lowering of the energy barrier in per cent of 
the value for the simple interaction of two particles is given by: 
lowering = 


jim Vz total (¢ = Ri — 2a) — {Ve total (¢ = R, — 2a) — Vz total (q = 0)! 


lim Vz total (¢ = R; — 2a) 
Ri>o 


1200a e”** 1.3x«R; +1 -1.%r 
1 = 48 ———__—_ Sik 
SIC ee att 8 (9] 


Onto eer Pie ar en, CP Lae oa ea 


de en ae enV RT| Ope, 
This lowering is represented in Fig. 5 for different values of the volume 
fraction ¢ and the reciprocal thickness of the double layer x. 
Although the calculation is admittedly quite rough, the order of magni- 


Lowering in % of E; 


—_—_> Xin as 


Fic. 5. Lowering of the energy barrier for flocculation in concentrated emul- 
sions expressed in per cent of the energy barrier in an infinitely dilute emulsion. 
Drop radius a = Ip. 
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tude of the effect is quite obvious. A more refined calculation, taking ac- 
count of the van der Waals attraction, would make the lowering of the bar- 
rier more pronounced. 

It is evident from Fig. 5 that the concentration influence of the dispersed 
phase diminishes the stability against flocculation already at low concen- 
tration of water in oil, when the reciprocal thickness of the double layer is 
in the order of 0.1 « ’. In the cream layer, where the concentration may 
come close to 74%, the effect.1s enormous. 


INFLUENCE OF GRAVITY ON THE STABILITY 
AGAINST FLOCCULATION 


In an emulsion the droplets settle under the influence of a force f; , 
which equals 


fa = 44n0'g(p:i — pe), [10] 


where g = acceleration of gravity and p; and p. are the densities of the 
droplets and the continuous phase, respectively. 
This force should be compared to the maximal repulsive force between 
two particles in order to see whether gravity can accelerate flocculation. 
An upper limit for the repulsive force, f, , can be found by differentiation 


of Eq. [8]. 
f, aba dVe = ees cls (« ay ‘) 
v wv 


dx 


in which the factor 6 has been put equal to 1. The maximum value of f, is 
obtained for x = 2a, the minimum possible value of x: 


CR a (1 + 2ka). [11] 


TABLE I 
Correlation between the Radius a, the Gravitational Force f, Acting on the 
Globules, and the Maximum Slope of the Energy Function between Two 
Globules as Represented in Column 3 


1 2 3 4 
= Raa 
a(n) «(y7) vag! Er fy (dynes X 10) 
1 0.1 480 5 
1 0.3 640 5 
1 1.0 1200 5 
10 0.1 1200 5000 
10 0.3 2800 5000 
10 1.0 8400 5000 
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In Table I (f;)max. and f, are compared for a number of relevant cases, 
f, being calculated for water globules of density = 1.00 in benzene of den- 
sity = 0.88 and « = 2.3 with y% = 80 mv. 

It is obvious from Table I that in the case of water-in-benzene emulsions 
flocculation occurs as soon as a few to a few hundred droplets of water are 
situated above each other. For the cumulative weight of a vertical row of 
droplets acts on the lowest one as soon as the condition 


dVx - 
( dx ye a Iy j 12] 


where d is the distance between the surfaces of the droplets, is satisfied. 
It usually is if the concentration of the disperse phase is not very low. 
The globules on the bottom of the vessel must therefore flocculate, even 
if the disperse phase is homogeneously distributed over the continuous 
phase. 

The figures of column 3 are too high. On the one hand, the van der Waals 
attraction and the factor 6 (see Eq. [3]) in the formula according to Ver- 
wey and Overbeek have not been taken into account. On the other hand, 
according to Eq. [8] the decay of the energy barrier as a result of the con- 
tribution of all the surrounding globules is less steep than in the case of 
interaction between two globules, for which Eq. [11] has been derived. 


Rate oF FLOcCcULATION IN Mep1iA or Low 
DIELECTRIC CONSTANT 


Since the distance between the globules is generally not very large com- 
pared with the thickness of the double layer in oil continuous systems, 
every globule possesses a higher potential energy than if it were at infinite 
distance from all other globules. For this reason after flocculation of a num- 
ber of globules on the bottom of the vessel, the remaining globules act 
like an expanding spring which accelerates their migration to the bottom 
of the vessel. 

Moreover, every globule is forced downwards under the action of the 
cumulative weight of all globules lying above, as has already been pointed 
out. So the velocity with which the globules sink is some orders higher than 
the velocity of a globule that settles out under the influence of its own 
weight alone. 

Consequently a very rapid flocculation occurs until the remaining bulk 
concentration of the disperse phase is very small; i.e., until the distance 
between the globules has become large with regard to the thickness of the 


double layer. 
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CONCLUSION 


Flocculation by Brownian motion as well as under the influence of grav- 
ity is strongly promoted and proceeds very rapidly in oil continuous sys- 
tems, if the concentration of the dispersed charged globules is not very low. 
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ABSTRACT 


The existence of nonequilibrium states in micellar solutions, described by Nash, 
has been confirmed in aqueous and nonaqueous solutions of nonionic surface-active 
agents by a light-scattering method. 


INTRODUCTION 


Recently, Nash (1-3) has shown that nonequilibrium states may exist 
in micellar solutions of cationic detergents. The existence of such non- 
equilibrium states was established by observations on foam viscosity and 
by means of fluorometry. In the course of an extensive study on the light- 
scattering properties of solutions of nonionic surface-active agents, we have 
confirmed this finding with respect to this class of materials, both in aqueous 
and in nonaqueous solvents. 


MerHops AND MATERIALS 


The light-scattering determinations were carried out in a conventional 
Brice-Phoenix Light-Scattering Photometer’ using the standard 40 X 40 X 
120 mm. semioctagonal cell. Measurements were carried out at 436 my. 
Solutions, or in the dilution experiments, solvent, were clarified by pressure 
filtration under dry nitrogen through a Corning UF (ultrafine) sintered 
glass disc. The usual precautions to exclude dust and other extraneous 
matter were taken. 

The materials the light-scattering characteristics of which are reported 
herein were a commercial polyoxyethylene (23) lauryl alcohol’ and a com- 
mercial sorbitan monostearate.t The latter material was purified to the 
extent that most of the free polyol was removed by extraction, rendering 
the sorbitan monostearate completely benzene-soluble. Solvents employed 
were distilled water and freshly distilled reagent grade benzene. 


1 Paper I in this series: P. Becher, J. Phys. Chem., to be published. 
2 Phoenix Precision Instrument Co., Philadelphia, Pennsylvania. 

3 Brij 35, Atlas Powder Co. 

4 Span 60, Atlas Powder Co. 
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RESULTS AND DISCUSSION 


In general, there are two principal procedures whereby light-scattering 
measurements may be carried out. These may be conveniently designated 
the “dilution” and the “solution”? methods. In the first, a filtered concen- 
trated solution is introduced into the scattering cell, and subsequent con- 
centrations are obtained by dilution in the cell with filtered solvent. In the 
second method, a series of solutions are made up (possibly by step-wise 
dilution of a more concentrated solution) and each solution is filtered di- 
rectly into the cell. 

The principal difference, of course, is in the fact that if equilibration of 
the solutions is required only the second method is appropriate. On the 
other hand, it appears likely that many light-scattering investigations have 
been in fact carried out by the ‘‘dilution’”? method. 

Light-scattering measurements were carried out on a water-soluble and 
an oil-soluble nonionic agent by both techniques. The solutions prepared 
by the “solution” technique were allowed to equilibrate for 18-24 hours. 

The results of the measurements on the water-soluble polyoxyethylene 
(23) lauryl alcohol are shown in Fig. 1. The data obtained by the solution 
method (circles) give a classic type of turbidity-concentration curve for 
surface-active agents, with a well-defined break corresponding to a CMC of 
0.014 g./dl. and extrapolating to the solvent turbidity in a perfectly normal 


T xo 
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INE Ihe Turbidity-concentration curve for polyoxyethylene (23) lauryl alcohol in 
aqueous solution. C)—“‘Solution” method. <>—Dilution” method. 
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manner. On the other hand, the data obtained by the ‘‘dilution” method 
(hexagons), although coinciding at the higher concentrations, show a pro- 
gressive deviation in the direction of higher turbidities as the CMC is ap- 
proached. 

Less extensive data were obtained for the oil-soluble agent, presented in 
Fig. 2. However, it is clear in this case also that different turbidity-concen- 
tration curves are obtained by the two methods. The slight upward slope 
at concentrations below the CMC for the “solution” method curve may 
possibly indicate that even 24 hours was insufficient time for complete 
equilibration, although alternate explanations suggest themselves. 

These data are consistent with the existence of a time-dependent de- 
micellization process, as proposed by Nash. Quite evidently, nonequilibrium 
solutions containing an appreciable concentration of micelles may exist 
at concentrations below the CMC. 

The wide divergence in turbidity obtained in the nonaqueous system 
on dilution (Fig. 2) probably indicates that the demicellization rate is even 
slower in nonaqueous solvents than in aqueous. On the other hand, Nash 
(3) has suggested that if a large dilution is made, i.e., from appreciably 
above the CMC to appreciably below, equilibrium ought to be established 
quickly. In one rough experiment, this was done for the aqueous system, 
and it was found that a minimum of 3 hours was required in order to get an 
equilibrium value for the 90° light scattering. 
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Fig. 2, Turbidity-concentration curve for sorbitan monostearate in benzene solu- 
tion. ()—‘‘Solution” method. < >—*Dilution”’ method. 
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It is interesting to note that the systems reported herein are charac- 
terized by a rather slow development of surface equilibrium, as measured 
by surface tension lowering. This effect has been interpreted as representing 
a combination of diffusion and orientation processes (4). However, it would 
appear that when these effects are of more than a matter of seconds dura- 
tion, it is the latter process which is governing. It would be interesting to 
examine solutions of agents which are known to reach surface equilibrium 
quickly in order to see if a relation exists between the two phenomena. 

Aside from the purely theoretical interest of this phenomenon, it should 
be pointed out that these observations raise questions about the validity 
of some micellar molecular weights reported in the literature. To be sure, 
most of these data relate to anionic compounds, and this phenomenon may 
be absent or very small in that case. However, if it does exist, the result of 
such measurements would be to give micellar molecular weights which are 
too low, since 70 , the turbidity at the CMC, would be too high, and the net 
(solute) turbidity too low. 

For example, the “solution” data of Fig. 1 yield a micellar molecular 
weight of 48,800, whereas the “dilution” data give a value of 37,000. This 
is, of course, a considerable discrepancy. More complete data on these, 
and other, compounds will be given in a subsequent publication. 

In addition, it is possible that the “monomer saturation concentration” 
observed to exist above the CMC by Kushner and Hubbard (5) in a light- 
scattering investigation of a polyoxyethylene octyl phenol is an artifact 
arising from examination of nonequilibrium solutions. 

Note: The referees have suggested two alternate explanations of the 
phenomena reported. These are: (/) that the phenomena are attributable 
to incipient crystallization, the degree of incipiency differing with the mode 
of preparation of the solution; and (2) that the phenomena are attributable 
to solubilization of “impurities” in the micelle, and that this, too, depends 
somewhat on the mode of preparation of the solutions. 

The first of these may be readily disposed of. Incipient crystallization is 
possible only in a poor solvent. All the observations on the polyoxyethylene 
(23) lauryl alcohol were made at concentrations of less than 0.10 g./dl. 
However, this material is completely soluble in water at 25°C. at concen- 
trations above 10 g./dl. Ordinarily, sorbitan monostearate contains a polyol 
component which is not benzene-soluble. However, this is readily removed 
by extraction with ethyl acetate, and the thus-purified material is soluble 
up to concentrations much higher than the minimum of 1.0 g./dl. used. 

The second alternate explanation is not so readily disregarded, because 
of the semantic haze surrounding the word “impurity”? when used with 
reference to compounds of this nature. Nonionic surface-active compounds 
are, by their nature, heterogeneous mixtures of compounds of differing 
surface activities. But, and this is most important, our mvestigations have 
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shown that if they are heterogeneous, they are reproducibly so. In other 
words, the surface properties (including light scattering by micellar solu- 
tions) exhibited by one sample of Brij 35 are exhibited by another sample 
to within very narrow limits. Thus, from one point of view, they may be 
regarded as “pure,” even if heterogeneous, compounds. 

Obviously, however, mixed micelles are formed (although again here 
the distinction between a mixed micelle and a micelle containing solubilizate 
remains somewhat hazy). That it is the existence of these mixed micelles 
which is the cause of the nonequilibrium states is a possibility which it 
would be impossible to deny, but this is not the same thing as regarding our 
observations as an artifact arising in some way from the existence of these 
micelles. 

A proper method of clarifying this point would be a study of a homo- 
geneous nonionic compound of the type examined here. This we propose to 
do in the near future. 
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ABSTRACT 


The apparent dissociation constant of block, graft, and random copolymers of 
acrylamide and acrylic acid and of branched and linear polyacrylic acid has been 
measured by electrometric titrations in 0.1 N sodium chloride solution. Block co- 
polymers have the same acid strength as linear homopolymers. Random copolymers 
are stronger acids than linear homopolymers, and graft and branched polymers are 
weaker acids, Reasons for the difference in apparent acid strength between branched 
and linear polyacrylic acids have been considered. 


INTRODUCTION 


This work is part of a study of block and graft copolymers of acrylamide 
and acrylonitrile and acrylamide and acrylic acid. The study attempts to 
relate changes in the arrangement of the monomer units in the molecule to 
changes in representative physical chemical properties. Previous papers 
in the series described the preparation of block and graft polymers and re- 
ported on their softening points and intrinsic viscosities (1, 2). This paper 
presents a study of the effect of changes in the number and arrangement of 
the carboxyl groups on the acid dissociation constant of polyacrylic acid 
in copolymers with acrylamide. Measurements of the apparent dissociation 
constant of linear and branched polyacrylic acid are included because the 
behavior of copolymers cannot be interpreted without knowledge of the 
behavior of the component homopolymers. Studies on branched and linear 
polyacrylamide have been reported (3). 


EXPERIMENTAL 


Preliminary Tests 


Luttinger (4) and Gregor, Luttinger, and Loebl (5) found that in the 
titration of polyacrylic acid the pH, especially near half neutralization, 


1 Presented at the 134th meeting of the American Chemical Society, Chicago, 
Tlinois, September 7-12, 1958. 
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does not reach equilibrium immediately but requires hours to become con- 
stant. Before starting our work preliminary experiments to look into this 
“time effect’? were carried out. 

The first preliminary test was a titration of polyacrylic acid of molecular 
weight 140,000 in a nitrogen atmosphere with a Beckman pH meter reading 
to 0.02 pH unit. Measurements of pH were taken at intervals of 0.4 to 0.6 
pH unit. At each of these points the pH was followed for periods of 18 to 
65 hours. At the end of the test the calibration of the electrodes, which re- 
mained in the solution during the entire titration, was found to be un- 
changed. To prevent evaporation, the vessel containing the solution was 
sealed with Parafilm during the waiting period. The results of this test 
showed that, as previously reported (4), the pH does require time to reach a 
constant value and that the largest fall in pH with time, 0.12 pH unit, oc- 
curred between pH 4 and 6. The data showed that, with the technique used 
here, a time lapse of 4 hours was sufficient to attain a constant pH reading 
(i.e., one that remained unchanged for at least 60 hours). 

To rule out the possibility that the “time effect”? was a result of adsorp- 
tion of gas or polymer on the electrodes (6), a second preliminary experi- 
ment was carried out. In this experiment a North American Phillips 
Universal pH Meter, Model G, reading to 0.002 pH unit was used. This 
apparatus was equipped with a glass electrode, a saturated calomel elec- 
trode, and a saturated KCl salt bridge. The junction between the salt 
bridge and the solution to be titrated was made through a porous stone 
plug which was bathed, during the course of the measurements, by a minute 
flow of saturated KCl solution. The entire test was run in a nitrogen-filled 
chamber under a slight positive pressure of nitrogen. Nitrogen was not 
bubbled through the sample. Varying amounts of 0.1 N sodium hydroxide 
were added to beakers containing identical solutions of polyacrylic acid 
(molecular weight 140,000) dissolved in water. The solutions were 
vigorously stirred, the stirring was stopped, and the pH readings were 
taken. The electrodes (both glass and calomel) were removed, thoroughly 
washed, and stored in distilled water. The beakers containing the solutions 
were covered tightly with Parafilm and set aside. At the end of 5 hours the 
pH was read again. As in the first preliminary test, the pH dropped on 
standing, and the maximum change, 0.115 pH unit, occurred between pH 
4 and 6. 

The results of this experiment showed that the fall in pH with time was 
not a result of adsorption of polymer or bubbles on the electrodes. The rate 
of fall in pH between the initial and final reading depended on the size of 
the increments of base added. When the sodium hydroxide was added in 
small increments as in the first preliminary test the drop in pH at each 
point was complete in 3 to 4 hours. When all the sodium hydroxide re- 
quired to reach a given pH was added at once as in the second preliminary 
experiment, at least 24 hours were required to attain a constant pH reading. 
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An additional experiment on a branched sample of polyacrylic acid showed 
that with the first technique 4 hours was also sufficient to attain a constant 
pH reading with branched polyacrylic acid. 


Titrations 


Titrations were carried out in a “dry box’ under nitrogen. A North 
American Phillips pH meter reading to 0.002 pH unit was used in all except 
one of the titrations. As an additional check against the possibility of 
instrumental error, a pH meter made by the Cambridge Instrument Com- 
pany, aud also reading to 0.002 unit, was used in one titration. The results 
of this titration differed in no way from results with the Phillips pH meter. 
Solutions were stirred vigorously with a glass rod before all readings. Over 
the pH range 4 to 6 or 614, readings were taken immediately after adding 
sodium hydroxide solution and again 4 to 5 hours later. Usually four of these 
“timed” pH measurements were made at approximately equal pH in- 
tervals. In going from one “timed” pH to another, sodium hydroxide 
solution was added in small increments and readings were taken at once 
as in ordinary titration.’ 

During the waiting period the vessel containing the solution was covered 
with Parafilm to prevent evaporation. The calibration of the apparatus 
(meter plus electrodes) was checked at the beginning and at the end of each 
titration to be sure that the calibration remained constant throughout the 
titration which lasted 2 to 4 days. There was no difference between titra- 
tions run in a constant-temperature room at 24° + 1°C. and at room tem- 
perature. 

Since it was desired to work at approximately constant ionic strength, 
solutions of polyacrylic acid were made up in 0.1 N sodium chloride solu- 
tion. For each titration 0.3 g. of polyacrylic acid was dissolved in 150 ml. of 
0.1 N sodium chloride solution (copolymer solutions were made up on the 
basis of the acid content, i.e., 0.6 g. of a 50/50 copolymer was dissolved in 
150 ml.). Titration was with 0.1000 + 0.0002 N carbonate-free sodium 
hydroxide. 


2 It was found that over a small pH interval ‘‘untimed”’ readings could be cor- 
rected for the time effect as follows: Given timed pH readings, pH: and pH2, and an 
untimed reading, pH,, such that pHi < pH, < pH and given ApH, and ApHsz, the 
differences between the initial and 4-hour readings at pH; and pHa, respectively. A 
linear interpolation between ApH; and ApH» gives ApH., which is the difference 
between the initial and 4-hour reading which would have been observed if a timed 
reading had happened to fall at pH.. Since the time effect depends on the size of 
the interval between timed readings, the correction to be applied to the untimed 
reading pH, is not ApH, but AX where 

pH» — pH, 


BLOCK AND GRAFT COPOLYMERS. III Hou 


Preparation and Characterization of Polymers 


Block and graft polymers were prepared as described in references 1 and 
2. The block polymers consisted of two or three long blocks and the graft 
polymers had polyacrylamide backbones and polyacrylic acid branches. 
Linear polyacrylic acids and linear random copolymers were made by 
polymerization in water at 30°C. with a persulfate-bisulfite catalyst. Con- 
version in these copolymers was to 20% or less. The composition of the 
copolymers was determined by infrared examination. Branched polyacrylic 
acid was made by first polymerizing acrylic acid in the presence of a small 
amount of N ,N’-methylenebisacrylamide to form a gel. The gel was later 
broken to soluble polymer by treatment with ultrasonics. A typical poly- 
merization used: 

5 g. of glacial acrylic acid 

125 ml. of oxygen-free water 

10 ml. of catalyst A (0.30 g. ammonium persulfate in 50 ml. water) 

10 ml. of catalyst B (0.06 g. sodium metabisulfite in 50 ml. water) 

13 mg. N ,N’-methylenebisacrylamide. 

The above ingredients were cooled to 0 to 2°C., mixed and left at 7°C. 
overnight. The supernatant liquid was decanted from the gel that formed 
in the flask. The gel was dispersed in twice its volume of water, broken up 
by a laboratory blendor, and after settling, the supernatant solution was 
decanted. The gel was washed three times with water and then dispersed 
in an equal volume of water. The dispersion was treated with a Raytheon 
ultrasonic generating unit at 30°C. The setting was 9 ke. at 80 v. and 0.6 of 
the maximum power. After 2 hours, approximately 90% of the gel was 
broken to soluble polymer. The product was filtered twice through two 
thicknesses of Whatman ¥* 1 filter paper to give a clear solution which was 
freeze-dried. To be sure that this clear filtered solution did not contain 
finely dispersed gel or microgel, one preparation was spun in a Model L, 
Spinco Preparative Ultracentrifuge at an average of 90,000 times gravity 
for 1 hour. This treatment gave no sediment. The polymer had an intrinsic 
viscosity of 0.38 dl./g. in dioxane at 30°C. The weight-average molecular 
weight, determined by light scattering, was 470,000. A linear polyacrylic 
acid of molecular weight 490,000 would have an intrinsic viscosity of 0.65 
(7). On the basis of the theory of Zimm and Stockmayer (8), this acid may 
be estimated to have, on the average, 3.5 trifunctional branches per mole- 
cule. The theory of Zimm and Stockmayer has been found to give reasonable 
values for the number of branches in polyacrylamide (3) but low values for 
branching in polyethylene (9). 

The molecular weights of the linear polyacrylic acids were estimated from 
intrinsic viscosities in dioxane at 30°C. by use of the data of Newman et al. 
(7). The molecular weights of random copolymers were estimated from 
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TABLE I 
Polymers Studied 


Weight-average 


Type polymer Mol. % acrylic acid manleculncnesee aaa 
Linear 100 140 
Linear 100 22 
Random 4 26.5 46 
Random 5 59 195 
Graft B 62 270 
Graft A 15 90 
Block 10 2000 
Branched 7 100 >165 
Branched 8 100 470 


$e 


intrinsic viscosities in 1 N sodium nitrate at 30°C. by use of plots, prepared 
by Dr. W. A. Barber,* which relate the intrinsic viscosity of partly hy- 
drolyzed samples of polyacrylamide in sodium nitrate solution to molecular 
weight. 

Table I summarized the polymers used in this study. All polymers were 
freeze-dried from water under vacuum for 2 days and further dried in a 
vacuum oven at 50°C. for 2 to 3 hours. The samples were rapidly weighed 
in air. 


RESULTS 
Titration Data 


Table II summarizes the titration data. The table gives values of pH + 
log (1 — a)/a (where a is the fraction of the acid neutralized) at rounded 
values of a. These figures were taken from smooth plots that fitted the 
data, over the range of a values from 0.15 to 0.85, with the average devia- 
tions shown in the last column of the table. A straight line could not be 
fitted to the measurements except over the narrower range between a = 0.3 
and a = 0.7. The curvature in the plots of pH + log (1 — a)/a 
for polymeric acids has been pointed out by Arnold (10). Table II shows 
that random copolymers of acrylamide and acrylic acid are stronger acids 
than homopolymers of acrylic acid and that the acid strength increases as 
the per cent of acrylamide in the copolymer increases. This is to be ex- 
pected. The acid strength of polyacrylic acid is independent of molecular 
weight and is the same for block copolymers and homopolymers. Therefore, 
a single curve has been drawn through the data for the block copolymer 
and the homopolymers. This is referred to in the table as “‘composite.”’ 


’ We are indebted to Dr. W. A. Barber for permission to use these data prior to 
publication. 
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TABLE II 
Summary of Titration Data 


Average 


a On 0.3 0.4 0.5 0.6 ORT 0.8 ae 
deviation 


Values of pH + log [( — a)/a] 
Sample 
Composite* 4.66 4.77 4.87 4.99 118} 5.28 5.45 0.04 
Random 5 4.65 4.73 4.83 4.93 5.04 5.15) 5.28 0.01 
Random 4 4.51 4.538 4.55 4.58 4.60 4.63 4.68 0.02 
Graft 15% 4.64 4.81 4.98 5.16 5.36 5.58 5.81 0.01 
Graft 60% 4.88 5.04 iS OB} 5.41 5.60 5.81 6.04 0.02 
Branched 8 4.76 4.89 5.02 5.15 Oy 5.39 nO) 0.03 
Branched 7 4.75 4,92 5.08 5.26 5.45 5.64 5.83 0.02 


@ Single curve drawn through the data on the block copolymer and the homo- 
polymers of molecular weight 22,000 and 140,000. 


Table II shows that graft polymers are weaker acids than block polymers 
or homopolymers and that acid strength decreases as the number of grafts 
increases. This result is unexpected and must be associated with the 
branched structure of the graft polymer. This interpretation is supported 
by the data in the last two lines of Table II, which gives titration data for 
branched samples of polyacrylic acid. These data show that branched 
polyacrylic acid is weaker than linear polyacrylic acid and that the differ- 
ence increases as the extent of branching increases, 

This observation is reminiscent of the decrease in acid strength with 
increased number of cross links which Fisher and Kunin (11) observed in 
studies on gels of polyacrylic acid and of polymethacrylic acid. 

The values in Table II are not pK values because there is as yet no com- 
pletely satisfactory way to compute the dissociation constants of polymeric 
acids. The average dissociation constant at a given value of a cannot be 
computed by the equation used for computing the dissociation constant of 
monomeric acids, Le., 


pK = pH + log ——*. [1] 
Equation [1] is not correct because (a) it neglects the statistical effect (12) 
and (b) it neglects cation binding. The statistical effect is absent at a = 0.5 
and relatively small over the range a = 0.2 to 0.8. Workers in the field of 
polyelectrolytes disagree as to whether any or all of the ion binding is 
binding at a site or a diffuse trapping of the ions in the coils of the polymer 
molecule; nevertheless experiments on osmotic pressure (13), transference 
(14), and diffusion (15) show that approximately 60% of the sodium ions 
in sodium polyacrylate act as if they are bound to the polymeric anion. If 
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pK values are to be compared with theoretical predictions, Rice and Harris 
(16) point out, ion binding must not be neglected. 

When values of pH + log (1 — @)/a for homopolymers and copolymers 
of acrylic acid are plotted against a, the lines converge to a common value, 
4.45 + 0.05, at a = 0. This value is the dissociation constant, in 0.1 N 
sodium chloride, of a single carboxyl group in polyacrylic acid when it is 
removed from the influence of neighboring ionized carboxyls. This value 
of pK,-0 is 0.1 of a pK unit lower than the pK.—o of propanoic acid in 0.1 NV 
sodium chloride solution. This difference could be due to the presence of a 
liquid junction in the titration or it could, more likely, represent a real 
difference between the intrinsic dissociation constants of a carboxyl in 
polyacrylic and in propanoic acid. 


The “Time Effect” 


Before considering possible reasons for the difference in apparent acid 
strength between linear and branched polyacrylic acid, let us examine the 
time effect. The preliminary experiments showed that the time effect de- 
pends on the way in which the experiment is carried out. If the increments 
of base between timed readings are small, a constant pH reading is at- 
tained more rapidly than when large increments of base are added. When a 
series of titrations uses the same technique it is possible to compare the 
magnitude of the fall in pH between the zero and 4-hour readings, ApH, 
for different polyacids. Examination of the titration data shows that ApH 
depends on molecular weight. The maximum value of ApH, i.e., ApH (max.) 
for a sample of polyacrylic acid of molecular weight 140,000 titrated in 
0.1 N NaCl was 0.1 pH unit, whereas for a sample of molecular weight 
22,000 ApH (max.) was only 0.02 unit. For branched polymers ApH (max.) 
was approximately one-half as large as ApH (max.) for linear polymers of 
the same molecular weight. No time effect was observed when HCl was 
added to a solution of sodium polyacrylate. In a back titration in which 
the end point occurred in 0.1 N sodium chloride the pH increased 0.002 
unit in 4 hours; in the forward titration of this same acid the pH dropped 
0.060 of a pH unit between the zero and the 4-hour reading. 


DISCUSSION 


Any explanation for the difference in apparent acid strength between 
branched and linear polyacids must be consistent with the “‘time effect” 
and should, if possible, explain both phenomena. The first explanation that 
comes to mind is as follows. 

When polyacrylic acid is neutralized the molecule expands. If the ex- 
pansion were not instantaneous the increased distance between the car- 
boxyls could account for the “time effect.’’ Since branched molecules are 
more compact than linear molecules the closer packing of carboxyls in 
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branched molecules might, similarly, explain the difference in pK between 
branched and linear polyacrylic acids. However, this explanation for the 
time effect is untenable because there is no change in viscosity during the 
time when the pH is changing most rapidly. This explanation is also un- 
tenable for the effect of branches because experiments show that with 
homopolymers the pK is independent of molecular weight. This means 
that the dissociation of a given carboxy] is influenced by carboxyls which 
are neighbors, or near neighbors, in the polymer chain but not by carboxyls 
on nearby loops of the molecules. 

A second explanation of the apparent difference in acid strength between 
branched and linear polyacids is based on the fact that the more compact 
structure of the branched molecule results in a greater density of paraffinic 
units around the dissociating carboxyl. Therefore the internal dielectric 
constant of the branched acid is lower than the internal dielectric constant 
of a linear acid. This explanation for the effect of branching on apparent 
acid strength is acceptable but it contributes nothing to the theory of the 
“time effect.” 

It seems likely that neither of the above explanations is correct. When 
alkali is added to a solution of a linear polyacid the molecules of which are 
random coils the carboxyls on the outside of the coil are neutralized first. 
The carboxyls in the interior of the coil may, on the other hand, be very 
slow to react. 

In a linear molecule segmental diffusion would, 7n time, bring carboxyls 
originally in the interior to the surface of the molecule. This could explain 
the “time effect.” In branched molecules, some of the interior carboxyls 
cannot diffuse to the surface of the molecule because the branched structure 
is tied together by chemical bonds. Therefore some of the carboxyls could 
be, in effect, buried in the interior of the molecule. This could account for 
the apparently lower acid strength of branched polyacids. 

Recently Dux and Steigman (17) advanced a somewhat similar idea to 
explain their observations on the molecular weight dependence of diffusion 
in polymer solutions. 
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ABSTRACT 


Cation-exchange membranes containing various proportions of Sr*+ and H* 
were permitted to interact. If the membranes are brought into direct contact, trans- 
fer of radioactive strontium is rapid, but if the membranes are kept separated so 
that migration of ions must proceed via solution, Sr transfer is exceedingly slow. 

The rate of diffusion of Sr inside the membranes depends on the degree of Sr 
saturation. In membranes fully saturated with Sr the self-diffusion coefficient is 
1.3 X 10-8 em.2/sec. The activation energy is 6600 cal./mole. 


INTRODUCTION 


Amberplex-C-1 is a cation-exchange membrane manufactured by Rohm 
and Haas Co., Philadelphia, Pennsylvania. The negative charges are in- 
corporated in the rigid framework, mainly as sulfonic acid groups. They 
are neutralized by cations which are exchangeable and which possess con- 
siderable mobility, even in the absence of electric fields. The cation-ex- 
change component is cross linked with approximately 8%-9% divinyl- 
benzene. 

Since these artificial membranes resemble natural membranes (e.g., 
cell walls of roots) in certain diffusion properties we have determined 
diffusion coefficients of Sr and their dependency on temperature. 


PREPARATION OF MEMBRANES 


H-membranes. Commercial Na-membranes were converted to H-mem- 
branes by leaching with normal HCl. They were then rinsed in distilled 
water until free from chlorides. 

In the wet, swollen stage, H-amberplex is 0.80 mm. thick. If quickly 
“dried” between filter paper and immediately placed on a balance, 1 cm.” 
of moist membrane (counting one exposed surface only) weighs 0.0746 g. 
Its weight after oven-drying at 110° C. is 0.0495 g. 

With neutral salts the H ions can be readily replaced in accordance with 
ion-exchange principles. The maximum quantity of H liberated amounts 
to 0.127 meq. per 1 em.’, or 2.57 meq. per gram of oven-dry membrane. 


1 Universidad de Granada y Junta de Energia Nuclear, Spain. 
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It represents the exchange capacity of the membrane. The equivalent 
volume of an exchange site in a wet H-membrane is 1040 A.* The mean 
distance between two exchange sites is therefore 10 A. If the exchangeable 
cations are considered dissolved in the liquid phase (33% of moist mem- 
brane) their concentration would amount to 4.7 normal. The mean dis- 
tance between two ions would be 7 A. Pressing a glass electrode assembly 
upon a wet H-membrane yields pH readings of 1.4-2.4. As explained 
elsewhere (1), these measurements may be strongly affected by junction 
potentials. 

The acidity of the membranes is reduced by adding bases. The percent- 
age fraction of H ions neutralized is designated as degree of saturation 
(DS.). 

Sr-membranes. To H-membranes was added Sr(OH), in desired amounts. 
The base had been prepared by electrodialysis of SrCl., and it was stored in 
absence of CO2. The stock solution of Sr(OH). was tagged with carrier- 
free Sr® (y-radiation). After a reaction time of 24 hours the supernatant 
liquid contained but a very small fraction of the Sr added. Specifically, 
a disc having a diameter (¢) of 2.08 cm., suspended in 100 ml. of solution 
containing 390 weq. of Sr sorbed all but 0.36 weq. Sr. The degree of satura- 
tion was then 90 %. The same disc at a D.S. of 5% (23.5 weq. Sr) left only 
0.015 weq. in the 100 ml. of solution. 

All Sr determinations to be reported are based on radioactive counting. 
However, asterisks will be assigned to Sr in self-diffusion experiments 
only. 


TRANSFER OF STRONTIUM FROM ONE MEMBRANE TO ANOTHER 
VIA SOLUTION AND BY CoNTACT 


An H-membrane placed in a solution which is in equilibrium with an 
Sr-membrane will sorb the dissolved Sr and become a H-Sr-membrane. 
If vigorous agitation is provided—but care is taken that the H-membrane 
never touches the Sr-membrane—the rate of Sr transfer from one mem- 
brane to another via solution can be measured by removing the H-mem- 
brane at suitable intervals and counting its radioactivity. 

In Table I are given the quantities of Sr transferred from a highly satu- 
rated (D.S. = 90%) Sr-H-membrane disc containing initially (q;) 390 neq. 
Sr and 42 yeq. H to a pure H-membrane disc. The volume of solution was 
150 ml., and initially it contained 0.54 veq. Sr. Also included is the trans- 
fer from a 45% Sr-H-dise with q; values of 195 weq. Sr and 237 yeq. H. 
Initially Sr in solution was less than 0.059 yeq. in 150 ml. Regardless of 
degree of saturation, the rate of solution transfer is exceedingly slow. 

Transfer of Sr may also be accomplished by placing Sr- and H-membrane 
discs in intimate contact with each other. Sr and H may then switch posi- 
tions by direct interaction, designated as contact exchange (2). This mode 
of migration is readily achieved by placing the two touching membranes 
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TABLE I 


Transfer of Strontium from Sr-H-Membranes to H-Membranes via 
Solution and by Contact 


(ueq. = microequivalents; D.S. = degree of saturation) 
or. : Transfer of Sr to 
Initial concentration membrane Ratio 
(qi) of Sr in Sr-H- Time (hours) contact 
membrane (yeq./disc) Via solution By contact — solution 


(weq./disc) (ueq./disc) 


390 (D.S. = 90%) 24 _— 130 = 
48 0.090 170 1888 

170 0.126 192 1524 

555 0.140 — — 

1558 0.175 — = 

1966 0.180 aa = 

0 (equil.) 195 195 == 

195 (D.S. = 45%) 24 — 50 = 
48 = 82 — 

172 0.022 90 4091 

560 0.072 a — 

1011 0.102 — — 

2090 0.104 — — 

o (equil.) 97.5 97.5 — 


Sealine eral t ht Pondasieiie evry hpe) orl sie re Ee 


between two lucite plates, under water and in horizontal position, and 
putting a 5 kg. weight on the assembly. 

According to Table I contact exchange is very rapid and efficient. 
Within 48 hours 84%-87% of the equilibrium distribution is reached. 
It would require many years to accomplish the same transfer by means of 
the solution process. The superiority of contact exchange increases as the 
degree of saturation decreases. 

The velocity of transfer of Sr depends on the nature of the complementary 
jon. Dises of Sr*-H-amberplex (¢ = 2.08 cm., DS. = 90%, gi = 390 
yeq. Sr) were put in contact with equivalent Sr-H-dises, and with H-dises 
(q; = 432 weq. H) and with Na-discs (qi = 432 weq. Na). According to 
Table II, Sr* migrated much faster into the H-membrane than into the 
Sr-H-membrane or Na-membrane. 

The degree of saturation also plays a role. Standard Sr-dises having D.S. 
values of 2%, 5%, 20%, 40 %, 60 %, 80%, and 90 % were placed in contact 
with H-dises of equal sizes. The relative amounts of Sr transferred, that is, 
microequivalents Sr which migrated into H-amberplex divided by micro- 
equivalents Sr initially in the Sr-H-membrane, is lowest at low D.S. and 
highest at high D.S. Between D.S. 5% and 90% the relative transfer (y 
in %) in any given time interval closely follows a straight line 


y= axr+ b, (1) 
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TABLE II 


Contact Transfer of Strontium from Sr*-H-Membranes (q; = 390 neq. Sr*) 
to H-,Sr-,Na-Membranes 


(Diam. of discs = 2.08 cm.) 


Microequivalents(ueq.) Sr* transferred to 


Time period of contact Na-membrane  Sr-H-membrane 
ER) Hf membranes Na, = 432 weds alge SOO 
(qi = 432 peq. H) Na) ueq. H) 
4 51 23 19.5 
24 130 75 74 
48 170 123 iO ls 
72 191 159 138 
170 192 188 176 
2 (equil.) 195 195 195 


where x denotes D.S. For contact periods of 4, 24, 48, and 72 hours, the 
corresponding values of a are 0.058, 0.083, 0.082, 0.089, and those of b 
are 7.78, 26.8, 37.7, 41.0. The correlation coefficients r are 0.89, 0.94, 
0.86, 0.91. 

We interpret the dependency of the rate of Sr-transfer upon D.S. in the 
following way. Each Sr ion may be considered attracted to two adjacent 
negative charges, viz., two sulfonic groups. Within the membrane the 
spatial distribution of the negative loci is, presumably, randomized, and 
the distance between adjacent loci is thus variable. If small amounts of 
Sr(OH)> are added to a H-membrane, producing a low D.S., the Sr ions 
will seek those pairs of loci which are the smallest distance apart, for they 
will attract Sr most strongly. As D.S. increases the additional Sr ions will 
be held less tightly because they are confined to those pairs of SO; radicals 
which are spatially farther apart. Hence, these Sr ions are more mobile 
and they will diffuse more readily into the adjoining H-membrane. 


DIFFUSION COEFFICIENTS IN MEMBRANE PILES 


A pile of five identical membranes (Subpile I) was placed in contact 
with a pile (Subpile II) of five membranes different from I, but equal 
among themselves. The ten discs, each having a diameter of 2.08 em. and 
a volume of 0.272 cm.*, were assembled as one pile, under water between 
lucite plates. They were pressed together with a 5 kg. weight (Fig. 1). 
After a contact period of 20 hours the pile was dismantled and the indi- 
vidual membranes were analyzed. Thirty piles were set up, with variations 
in Sr content and in temperatures. 

Since the two end members of the total pile never were affected by the 
diffusion process the disc assemblies correspond to diffusion cylinders of 
infinite extent in both —x and +2 directions. Mathematical interpretation 
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Fig. 1. Membrane pile for determination of diffusion coefficients (L = lucite 
plate). 


FS) 


/0 


eee ee ee) OL : a 


Fic. 2. Self-diffusion of strontium in Sr-H-membrane piles (D.S. = 22.5%) at 
64°C. 


is thereby facilitated. To give an example, Fig. 2 illustrates the diffusion 
curve obtained for the self-diffusion system: 


Sr*-H-membranes/Sr-H-membranes 


at a temperature of 64° + 0.5° C. All these membranes had a D.S. of 22.5% 
strontium. Since a D.S. of 100% corresponds to 0.432 meq. cation per mem- 
brane, each disc contained 0.0972 meq. strontium. In Fig. 2 the quantities 
of tagged strontium in each disc at ¢ = 20 hours are plotted at the mid- 
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points of the membranes. The magnitudes are shown on the ordinates as 
DS. 
The curve was calculated from the standard equation (3) 


Cz, = ae = erf eal [2] 


in which C is the Sr concentration in a membrane disc at the distance +x 
em. from the boundary, C» the initial concentration in the discs at the left 
in Fig. 2, ¢ the time in seconds, erf the error integral, and D the diffusion 
cboreciettr considered to be independent of concentration. 

A mean diffusion coefficient of D = 6.7 X 10° cm.’/sec. was used. 
The observed points deviate systematically from the curve, especially the 
amounts of Sr in the first membrane on either side of the mid-point bound- 
ary. Their D is smaller, namely, 3.4 X 10 ° em.’/sec. At lower tempera- 
tures the systematic deviations from Eq. [1] disappear and mean D values 
have real significance. The case illustrated in Fig. 2 is an extreme one, 
even for the 64° C. sets. 

In Table III are listed the diffusion coefficients of six different kinds of 
membrane piles kept at five different temperatures. The diffusion coeff- 
cients were computed graphically with the aid of the Matano-Boltzmann 
procedure as described by Crank (3), using the equation 


oe ee iB 
Be 2t de Jo ae 


Each D is an average of three computations from a given experimental 
diffusion curve. 
The effect of the degree of saturation is again very marked. Strontium 


TABLE III 
Diffusion Coefficients (D X 108 cm.? sec.!) of Sr in Amberplex Membranes 
Membrane piles (initial conditions) Temperature (°C.) 

No. Subpile I Subpile IL 4 8 16 32 64 
I || 22BGG, Sie, 7 IY Val => MONG, Isl 02887) LOU Wa GOR AS OSs e7esli7 
2 | 45% Sr, 55% H = 100% H 0.86 | 1.28 | 2.37 | 2.80 | 9.59 
3 | 90% Sr, 10% H = 100% H TE WY alee |) Deo |) Sey Oe 


Self-diffusion of Sr: 


4 | 22.5% Sr*, 77.5% H = 22.5% Sr, 77.5% H | 1.00 | 1.10 | 1.50 | 3.49 | 7.71 
5 | 45% Sr* 55% H = 45% Sr, 55% H 0.98 | 0.96 | 1.50 | 2.33 | 6.77 
6 | 90% Sr*, 10% H = 90% Sr, 10% H 0.58 | 0.60 | 0.97 | 1.85 | 4.56 
7 | 100% Sr*,0% H = 100% Sr, 0% H 0.50 | 0.60 | 0.85 | 1.75 | 4.08 


(extrapolated) 
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Fic. 3. Coefficients of self-diffusion of strontium (ordinate) in relation to degree 
of saturation (abscissa) of Sr-H-membranes at various temperatures (°C.). 


diffusion against hydrogen ions tends to increase as D.S. of Sr increases, 
in accord with the observations made on membrane pairs in Table I. How- 
ever, for self-diffusion of Sr* the value of the diffusion coefficient decreases 
consistently as D.S. increases (Fig. 3). A similar trend was observed by 
Soldano and Boyd (4) for self-diffusion of Zn** in Na-Zn-resins. 

Extrapolating the self-diffusion curves to a D.S. of strontium equal to 
100% gives the self-diffusion constants for pure strontium membranes. 
They are recorded in the bottom row of Table II. Interpolating for 25° C., 
the self-diffusion coefficient for Sr is 1.3 X 10° em.’/sec. Boyd and Sol- 
dano’s values (5) range from 0.3 to 23 X 10° em.’/sec., depending on 
cross-linking in their Dowex resins. 

In aqueous solution at room temperature the differential diffusion coeffi- 
cient of SrCl, at infinite dilution is 1.384 X 10° em.’/sec., according to 
Harned and Polestra (6). It decreases slightly with increasing concentra- 
tion. Accordingly, D for self-diffusion of Sr in amberplex is about 1000 


times lower. 
OBSERVED ACTIVATION ENERGIES OF DIFFUSION 


Plotting the logarithms of the diffusion constants D against the recipro- 
cals of the absolute temperatures 7’ permits calculation of the experimental 
activation energies (H) according to the related equations 


D = Aexp (—E/RT) [3] 
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E 1 


ae Sie SS 4 
2.303 - 1.987 T i 


log D = log A — 

The parameter A, which varies relatively little with temperature, is 
often designated ‘frequency factor.” 

Straight lines were fitted according to the method of least squares. Cor- 
relation is high, though not perfect. The computed H# values are listed in 
Table IV. They are many times smaller than # values of diffusion of 
metal atoms in alloys (7), or of Na in solid NaCl (8), or of Na in analcite 
(9), but they are substantially larger than the activation energies of tracer 
diffusion of monovalent cations in water (10) or of the viscosity of water 
(11). Boyd and Soldano’s values for self-diffusion of Sr in resins range from 
5640 to 10980 cal./mole, depending on cross linkage (5). 


Entropy Factor or Dirrusion 


Following the procedures of Boyd and Soldano (5) we have interpreted 


the parameter A of Eq. [3] according to the theory of absolute reaction 
rates (12)which yields the expression 


ss etree 
Al = binpead exp fei [5] 


where e = base of nat. log., k = the Boltzmann constant, 7’ = absolute 
temperature, h = Planck’s constant, d = the average distance between 
equilibrium positions during diffusion, AST = entropy of activation, R = 
the gas constant. At 25° C., ekT/h = 1.685 X 10°. In Table IV are listed 
the values for d[exp (ASt/R)]"”, designated as ¢, which has the magnitude 
of length. 

Boyd and Soldano’s comparable values for self-diffusion of Sr in resins 
vary between 1.6 and 16.1 (5). Those for Zn in Na resins range from 1.4 


TABLE IV 
Derived Values from Tabte III 


: ivati : 
Membrane pile aoey AOR Correlation A X 104 c=dexo( *) : 
energy E Re 
(see Table III) i coeff. r (Eq. [3]) H 
(cal./mole) o X 108 cm 
No. 1, Sr > H 6804 =0.977 22.4 1.2 
No. 2, Sr > H 6883 —0.977 28.4 1.3 
No. 3, Sr > H 4418 —0.994 0.57 0.2 
Self-diffusion 
No. 4, Sr* > Sr 6616 —0.998 16.4 1.0 
No. 5, Sr* => Sr 6160 —0.996 6.6 0.6 
No. 6, Sr* —> Sr 6625 —0.996 art 0.7 
No. 7, Sr* — Sr 6590 —0.995 8.5 0.7 


(extrapolated) 


nS eee 
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to 18.5; those for self-diffusion of Zn are 2.5-8.0. The values in Table IV 
are all smaller. We shall interpret them in the ensuing section. 


Discussion 


The simplest picture of the diffusion process is provided by the self- 
diffusion of Sr in fully saturated strontium membranes (homoionic sys- 
tems). Two equal diffusion currents flow in opposite directions. There is 
no mass flow if we neglect the very small differences in mass between 
isotopes. Two equal concentration gradients of opposite sign are operating 
or, better; two chemical-potential gradients which arise from the entropy 
of mixing, as pointed out by Crank (13). No volume changes take place. 

Since the fraction of strontium that is dissolved in the pore space—as 
Sr(OH), or Sr(HCO;):—is very small, we conclude that strontium mi- 
grates mainly along the internal surfaces or walls of the gel channels and 
pores. Interstitial or pore diffusion probably plays a minor role in our sys- 
tems. In this respect our experiments differ significantly from the resin 
studies of Despié and Hills (14), of Boyd and Soldano (5), and of Soldano 
and Boyd (4). Schlégl (15) has given a good description of gel diffusion 
in the absence and presence of free electrolytes in the pore space. His 
ideas parallel those expressed by Jenny and Overstreet (2) many years 
ago. 

The magnitude of the diffusion coefficient is conditioned by the strength 
of attraction between Sr and the negative gel spots and by the labyrinth 
paths of the gel structure. For molecules and ions which are not adsorbed 
we may define a labyrinth factor / as “D in gel/D in infinitely dilute gel.” 
The measurements of urea diffusion in cation-resins by Gregor et al. (16) 
give l-values of 0.06-0.09; from self-diffusion of Br in systems NHh- 
resin + NH,Br observed by Boyd and Soldano (17) / varies between 0.02 
and 0.3. For ions which exist exclusively in the adsorbed state, ! may be 
considerably smaller. 

The mechanism of transport may be visualized as ion-exchange diffusion 
(2, 18). The Sr ions oscillate in the vicinity of a pair of exchange sites. 
The oscillation space is conditioned, among other factors, by the Coulomb 
attraction exerted by the constellation of the sulfonic groups. If the oscilla- 
tion spaces of two neighboring Sr ions become large enough to overlap 
the two ions may exchange places in a statistical manner. The magnitude of 
the effective oscillation volume determines the energy barrier of exchange 
which finds expression in the activation energy. 

One might also say, in different words, that a radioactive Sr* ion jumps 
from one pair of negative sites of the gel framework to an adjoining pair, 
and that an ordinary Sr ion simultaneously hops in the opposite direction. 
The mean distance d between two sites was computed to be 10 A. for the 
gel and 7 A. for the solution phase. It calls for rather large jumps, but if 
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migration proceeds along the threads of the network or in narrow channels 
the jumping distance might be substantially shorter. 

According to the reaction-rate factor « (Table IV) the equilibrium dis- 
tance d is about 1 A. only, provided that ASt is assumed to be zero. How- 
ever, the pertinent parameter A in Eq. [3] also contains the labyrinth 
factor 1 which may be largely temperature-independent. If a proper cor- 
rection could be applied, d would become substantially greater. Further- 
more, larger values of d become possible by making AS¢t positive, which 
implies that bonds are broken—probably those of water—to get Sr in con- 
dition for jumping. 

In hetero-ionic systems containing the three ions Sr*, Sr, H, radioactive 
Sr may change place with nonradioactive Sr directly, or via H™ as an inter- 
mediate step. Since the presence of H* increases the self-diffusion of Sr 
(Fig. 3) the latter alternative is apparently the preferred one. In the 
diionic (Sr, H) membrane piles higher degrees of Sr-saturation accelerate 
migration of Sr, especially at lower temperatures. As pointed out above, 
this behavior is attributable to the variable distances between sulfonic 
groups. 

Applications of these observations and ideas to problems of mineral 
nutrition of plants have been reported in Sczence (19). 
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ABSTRACT 


The specimen preparation of film-forming or ‘‘soft’’ particle latexes is complicated 
by the tendency of these particles to deform and coalesce upon drying; these deformed 
particles appear indistinct in the electron microscope. Soft particles of butadiene- 
containing polymers can be hardened by bromination prior to deposition. The partic- 
ular diameter increase of brominated styrene-butadiene copolymers is dependent 
upon their butadiene content and varies from about 0.2% for polystyrene to 24.8% for 
polybutadiene. 

Exposure of these particles to high-energy irradiation, e.g., from a van de Graaff 
accelerator, also hardens them owing to cross-linking reactions between adjacent 
polymer molecules. Particles hardened by this technique appear as well-defined 
spheres in the electron microscope. High-energy irradiation also hardens certain latex 
systems which do not respond to bromination, e.g., polyethyl acrylate and polyvinyl] 
acetate. 


INTRODUCTION 


The increasing importance of synthetic polymer latexes has intensified 
interest. in determining their average particle sizes and particle size dis- 
tributions. The average size can be determined by light scattering (1), 
ultracentrifugation (2), soap titration (3), low-angle X-ray scattering (4), 
and electron microscopy (5). Of these, electron microscopy is the only tech- 
nique by which the particle size distribution can be determined directly. 
The purpose of this paper is to describe electron microscopic techniques 
for film-forming latexes. 

All latexes may be separated into two arbitrary clasifications: the “hard” 
particle (non-film-forming) latexes and the “soft” particle (film-forming) 
latexes. This distinction depends upon the composition of the polymer and 
its degree of plasticization. The particle diameter determination of hard 
particle latexes has been extensively investigated (5-8); however, measure- 
ments of soft particles are complicated by their indistinct images. Figure | 
is a chromium-shadowed electron micrograph showing both hard and soft 


1 Presented, in part, at the 131st Meeting of the American Chemical Society, Mi- 
ami, Florida, April 12, 1957. 
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Fra. 1. Hard and soft latex particles as observed in the electron microscope. 


particles in the same field. The soft particles are elastic spheres of a 60-40 
styrene-butadiene copolymer (in all cases the proportions stated represent 
the monomer charge in the polymerization); the discrete spheres are bro- 
mine-hardened particles of the same latex. The length of the shadows cast 
by the particles is indicative of their height above the substrate. The soft 
particles have been deformed and flattened during the drying process while 
the brominated or hard particles are unaffected. In several cases, two soft 
particles have partially coalesced; this coalescence is a prerequisite to film 
formation. These soft particles can be hardened for electron microscopy by 
two techniques: bromination and high-energy irradiation. 


EXPERIMENTAL RESULTS 


A. Bromination Technique 


The hardening of soft particles with bromine prevents their coalescence 
to the substrate upon deposition and increases their opacity in the electron 
beam. Either a solution of bromine is added to the diluted latex (9, 10) or 
the diluted latex is exposed to bromine vapors (11). These treatments usu- 
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ally increase the degree of aggregation of the latex particles; this floccula- 
tion may be reduced by the addition of surface-active agents (11-13). 
Although this technique has been widely used, the effect of bromine on 
the latex particle diameter has not been reported other than by Brown (9), 
who found a 9% diameter increase on bromination for GR-S and Hycar 
OR 15 latexes, and Willson, Miller, and Rowe (10), who reported a 9.6% 
increase for a 40-60 styrene-butadiene copolymer. Therefore, the extension 
of this technique to a wider range of polymer compositions is of interest. 
The reported diameter increase of styrene-butadiene copolymer particles 
on bromination implies that the particle volume increase due to the addi- 
tion of bromine exceeds the particle volume decrease due to the increased 
density of the brominated copolymer. If this is the case, the particle diam- 
eter might be expected to vary with increasing bromine concentration at 
least in a certain range. Latex I, comprised of 60-40 styrene-butadiene co- 
polymer particles with a relatively narrow particle size distribution (from 
electron microscopy), was diluted to 13 p.p.m. and treated with incre- 
ments of saturated aqueous bromine. The brominated samples were then 
dried on collodion membranes supported by stainless steel grids. Mono- 
disperse polystyrene particles (6), 3650 A. in diameter, had been dried on 
each membrane previously to calibrate each photographic exposure. An 
R.C.A. Model EML electron microscope was used for all experiments. 
The particle diameter measurements are shown in Table I. From these 
data, bromine concentrations of 0.002M and above are necessary to harden 
all the particles. Moreover once all the particles are hardened, additional 
bromine has no observable effect on the average particle diameter. 


TABLE I 
Effect of Bromine Concentration on the Particle Diameter of Latex I 


Approximate bromine Average particle Standard deviation Number of parti- 


concentration (/) diameter (A.) (A.) cles measured 
0.00082 2400 120 18 
0.001 1990 92 25 
0.002 1820 120 40 
0.003 1810 85 20 
0.604 1840 80 42 
0.006 1840 66 17 
0.009 1840 57 29 
0.011 1820 81 23 
Average (0.002 to 0.011 1830 87 171 


M bromine) 


« All particles are soft. 
’ Only hard particles are included; the soft particle measurements range from 


2000 to 2400 A. in diameter. 
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TABLE II 
Analyses of 60-40 Styrene-Butadiene Copolymers 


Density Per cent 
Latex (g./ml.) bromine Vs/Vo 
I—control 1.003 None - 
I—brominated (1) 1.549 41.9 igi 
I—brominated (2) 1.624 46.2 1.15 
II—control 1.004 None _ 
II—brominated 1.590 45.3 1.16 


ee Se eee 


In order to determine the density of the brominated particles, samples 
of Latex I and Latex II (512K,? a commercial 60-40 styrene-butadiene 
copolymer latex; average particle diameter ~ 2000 A.., standard deviation 
e200 A.) were diluted to about 6% solids and stabilized with additional 
surface-active agents. Liquid bromine was then added dropwise with 
agitation; this addition was repeated whenever bromine droplets could no 
longer be observed in the latex. When the periodic electron microscope 
samples indicated that all the particles were hardened, the bromine addi- 
tion was discontinued. The latexes, discolored by bromine, were coagulated 
by freezing and the filtered polymer was washed with deionized water and 
methanol to remove the unreacted bromine. After drying in vacuo, the 
polymer was compression-molded into circular buttons (2 inch diameter, 
¥é inch thick); these moldings were rigid, opaque, and black. For both la- 
texes, unbrominated control moldings were prepared; these were flexible, 
translucent, and pale yellow in color. The densities and bromine contents of 
both the brominated and unbrominated specimens are listed in Table II. 

Assuming that X grams bromine are combined with one gram polymer 
and Y is the fraction of bromine in the final product, then 


XS Y (aaa 
If the polymer densities before and after bromination are do and d,, 


respectively, and the respective particle volumes and diameters are Vo 
and V;, and Dy and D;, then 


Ds/Do = (Vs/Vo)"? = (dol + X)/d,)"”. 


The value of V;/Vo is unity if the particle volume does not change on bromi- 
nation. The experimental values shown in Table II range from 1.11 to 
1.16, i.e., the particle volume increase on bromination ranges from 11% 
to 16 %. This corresponds to a particle diameter increase ranging from 3.7 % 
to 4.9%. 

Another technique was employed to determine the bromine content of 


? The Dow Chemical Company, Midland, Michigan. 
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TABLE III 
Analyses of Brominated Latex II 
Polymer con- Approximate Per cent Per cent ‘ 
centration bromine bromine in bromine in pbrers Sar o 
(ppn.) cone. (M) sample polymer I Uae 
58 0.0009 0.004 34 Most soft, some hard 
0 0.0009 0.001 — 
58 0.004 0.008 51 Hard 
0 0.004 0.002 — 
58 0.006 0.012 5 Hard 
0 0.006 0.005 — 
385 0.027 0.059 53 Hard 
0 0.027 0.014 — 


latexes brominated at concentrations approaching those used for electron 
microscopy. A sample of Latex II was diluted and brominated with satu- 
rated aqueous bromine; the excess was removed by nitrogen-sparging. The 
bromine contents were determined by X-ray fluorescence; the results shown 
in Table III are reproducible to within +0.001 %. The values for the bro- 
mine content in the first three cases have only one significant figure with 
the uncertain figure as the subscript. All particles are hardened at a bro- 
mine concentration somewhere between 0.0009 and 0.004M. This is in 
agreement with the 0.001 to 0.002M range found in Table I. Experimentally 
the bromine content must approach 40% to 50% before the particles ap- 
pear hard in the electron microscope, and additional bromine does not 
result in a higher bromine content in the copolymer. 

The theoretical maximum bromine content of a brominated 60-40 sty- 
rene-butadiene copolymer is 54.2% assuming that: (7) one molecule of 
bromine adds quantitatively to each residual double bond; (2) substitution 
of bromine for either ring or side-chain hydrogens does not occur; and (3) 
each butadiene unit in the copolymer chain contains one residual double 
bond, i.e., no appreciable reaction of these double bonds by cross-linking 
or oxidation occurs. In view of these assumptions, the experimental results 
are in fair agreement with this calculated value, e.g., 42 % to 46 % bromine 
is found where the bromination was carried out at 6% solids and approxi- 
mately 51% to 53% at very low solids. Moreover the previously reported 
9.6 % increase (10) was determined for a 40-60 styrene-butadiene copoly- 
mer which has a theoretical maximum bromine content of 63.9%. If the 
variation of D;/D» with bromine content (from Table II) is extrapolated 
to 63.9 % bromine, the value, D;/Do = 1.09 to 1.13, is in reasonable agree- 
ment with the 1.096 value reported. Therefore the point at which these 
particles first appear hard in the electron microscope coincides with the 
point at which almost all residual double bonds are reacted with bromine. 
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TABLE IV 
Analyses of Brominated Styrene-Butadiene Copolymers 
(Including polystyrene and polybutadiene) 


4.0% to 1.2% Polymer 380 (ppm.) Polymer 
Latex 
BOR dy (g./ml.) dy (g./ml.) Per cent bromine 
bromine 
II 12.4 1.204 1.077 ly 
IV 39.4 1.514 1.042 50.4 
Wr 51.4 IW elle 0.999 61.9 
VI 56.8 1.658 0.870 68.0 
Vil 65.1 1.650 0.906 72.4 
VIII 68.9 1.794 0.916 75.0 


a 


To test this hypothesis further, Latexes III (polystyrene), IV (80-20 
styrene-butadiene copolymer), V (60-40), VI (40-60), VII (20-80), and 
VIII (polybutadiene), were prepared and brominated. Saturated aqueous 
bromine was added with agitation to the original latex (~35% solids) in 
varying amounts assuring an excess for each composition. After addition 
of the bromine the unbrominated polymer content ranged from 4.0 % 
(Latex III) to 1.2% (Latex VIII). The brominated polymer was recovered 
by evaporating the latexes to dryness at room temperature and washing 
with deionized water and methanol. The densities and bromine contents 
were determined on the dried polymer. Unbrominated control specimens 
were treated and analyzed identically. The results are shown in Table IV. 

Since bromination at very low concentrations is more quantitative, the 
same latexes diluted to 400 p.p.m. polymer were treated with saturated 
aqueous bromine until the bromine concentration was about 0.010M. The 
bromine contents as determined by X-ray fluorescence are also shown in 
Table IV. 

From these data, polystyrene particles also absorb bromine, e.g., the 
polymer from Latex III (4% solids) contained 12.4% bromine. To deter- 
mine whether the washing technique was effective in removing the un- 
reacted bromine, this sample was dissolved in methyl] ethyl ketone and pre- 
cipitated in methanol three times. After drying in vacuo, this sample 
contained 12.5 % bromine, indicating that the washing technique was effective 
and that the bromine is chemically bound to the polystyrene. Thus the 
assumption that bromine substitution reactions do not occur is incorrect. 

The variation of bromine content with butadiene content is shown in 
Fig. 2. In all cases, the data are corrected for the bromination of styrene 
units assuming that these units in each composition brominate in the same 
proportion as in the polystyrene sample. The curve shown represents the 
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Fie. 2. Variation of bromine content with butadiene content (corrected for the 
bromination of styrene units). 


maximum theoretical bromine content according to the foregoing assump- 
tions. In all cases, the points for samples brominated at 380 p.p.m. polymer 
agree very well with this theoretical curve, whereas those at 1.2% to 4.0% 
polymer are consistently lower. In view of the assumptions made this 
agreement offers convincing evidence for the validity of this hypothesis. 

In order to calculate the particle diameter increase on bromination, 
dy and d; as well as the bromine content must be known. Unfortunately 
values of d; are available only for the relatively incomplete brominations 
at the higher concentrations, since the samples brominated at 380 p.p.m. 
polymer contained insufficient polymer for these determinations. However, 
from all available data, the density increase on bromination (dy — do) 
increases approximately linearly with increasing bromine content as shown 
in Fig. 3. The least-squares equation calculated from this data is: 


(d; — do) = 0.0130 (100 Y) — 0.0079. 


The standard deviation of the slope 0.0130 is 0.00109. The standard devia- 
tion of the intercept — 0.0079 is 0.054 (the bar in Fig. 3 represents X + lo). 
This line almost certainly passes through the origin since the calculated 
statistical t-value of 0.15 is much smaller than the critical value (50% 
probability) of 0.71. 

By means of this relationship approximate values of (dy — do) were cal- 
culated from the bromine contents of the samples brominated at 380 p.p.m. 
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Fic. 3. Variation of density increase on bromination with bromine content. 
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Fic. 4. Variation of diameter calibration factor with butadiene content. 


The variation of the diameter calibration factor, i.e., 100 (D;s/Do — 1), 
with butadiene content of the copolymer is shown in Fig. 4. These values, 
ranging from 0.2 % for polystyrene to 24.8 % for polybutadiene, are offered 
as approximate calibration constants which take into account the variation 
in copolymer composition as well as concentration during bromination. 
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B. High-Energy Irradiation Technique 


In this technique (8), recently developed in this laboratory, the diluted 
latex is subjected to electrons from a 2-m.e.v. (million-electron-volt) 
van de Graaff accelerator. High-energy irradiation initiates simultaneous 
cross-linking and degradation in high polymers. The relative importance or 
predominance of these two reactions depends upon the particular polymer 
irradiated. For instance, with polyethylene (14), the cross-linking reaction 
is predominant although some degradation occurs. However, for poly- 
methyl methacrylate (15) degradation is predominant and the average 
molecular weight of the polymer decreases on irradiation. For polybuta- 
diene and various styrene-butadiene copolymers, cross-linking is predomi- 
nant; hence, exposing these latexes to high-energy irradiation transforms 
each particle into a rigid three-dimensional network which is much more 
resistant to mechanical deformation. 

Latex I was irradiated with electrons from the van de Graaff accelerator 
for various lengths of time. Figure 5a is a micrograph of the latex particles 
before irradiation; their outlines are indistinct and considerable deformation 
has occurred on drying. At a 9.38 mrad dosage (1 mrad = 1,000,000 rads; a 
rad is a measure of absorbed radiation equivalent to 100 ergs/gm.) the 
particles are partially hardened; their images are much more distinct than 
those of the nonirradiated sample. At 23 mrads this hardening is more 
apparent; the images of some particles are more distinct than others in the 
same micrograph. From this it might be inferred that the cross-linking or 
hardening depends upon the capture of free radicals from the aqueous phase. 
In the statistical distribution of available free radicals among the particles, 
some may capture radicals at a rate considerably greater than the average. 
At 47 mrads all particles are hardened and their images are distinct as 
shown in Fig. 5b. Additional irradiation, e.g., 93 mrads, slightly increases 
the electron density of the particles; however, more extraneous matter is 
observed at this dosage than at lower levels. At 186 mrads even more 
extraneous matter is observed; the particle images are quite distinct but 
the particles appear spheroidal. 

Since about 47 mrads irradiation hardens the particles to about the same 
extent as bromination, this technique was adapted to particle diameter 
determinations. Measurements of Latex I irradiated at various dosages 
were carried out using the technique described in the foregoing section; 
the results are shown in Table V. The average particle diameters of the 
irradiated samples agree with that of the brominated sample. This agree- 
ment is surprising since the particle diameter increases about 13 % on bromi- 
nation whereas an identical increase on irradiation seems improbable. The 
particles irradiated at 47 mrads (as well as the brominated particles) 
possess the narrowest particle size distributions of the series. This is an 
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Fig. 5. The effect of high-energy irradiation on particles of Latex I: (a) untreated; 


(6) 47 mrads. 
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TABLE V 
Particle Diameter of Latex I 


eanment Average particle Standard de- Number of par- 
diameter (A.) viation (A.) ticles measured 
Brominated 1830 90 188 
47 mrad 1820 87 111 
93 mrad 1830 170 147 
186 mrad 1880 210 233 
TABLE VI 
Particle Diameters of Polybutadiene and Styrene-Butadiene Copolymer Latexes 
eee eee Average particle- Standard de- Number of par- 
; diameter (A.) viation (A.) ticles measured 
1X Brominated 1900 220 17 
47 mrad 1890 170 59 
93 mrad 1930¢ 200 52 
x Brominated 1640 200 51 
47 mrad 1700° 200 60 
93 mrad 1690« 190 49 
SIL Brominated 2590 180 87 
47 mrad 2620 180 105 
93 mrad 2550! 190 81 
XII Brominated 2060 69 44 
23 mrad 2080 100 64 
47 mrad 2020" 120 52 


«The particle surfaces are roughened; the particles appear spheroidal. 
» These particles display a surface shell; the particle surfaces are slightly 


roughened. 


optimum level under these conditions because not all particles are hardened 
at lower levels while the particle surfaces become roughened and more ex- 
traneous matter is observed at higher levels. 

Similar experiments were carried out using Latexes IX (polybutadiene), 
X (25-75 styrene-butadiene copolymer), XI (60-40), and XII (80-20). 
The results are shown in Table VI. From these data, the agreement be- 
tween the brominated and irradiated samples is generally quite good. 
Further increases in irradiation dosage over the optimum level (47 mrads 
for Latexes IX, X, and XI, 23 mrads for Latex XII) do not appreciably 
affect the measured particle diameter. This agreement is, at present, inex- 
plicable, since the particle diameter increase on bromination varies with 
polymer composition and an equivalent increase on irradiation seems 1m- 
probable. This is the subject of a current investigation. 

In some cases, the electron micrographs show a pronounced ‘‘shell”’ 
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Fra. 6. Particles illustrating a shell effect resulting from 47 mrads irradiation of a 
styrene-butadiene copolymer latex. 


around particles exposed to high-energy electrons; an example is shown in 
lig. 6. The latexes were diluted to ~20 p.p.m. before irradiation; hence, 
the primary absorption of energy is in the aqueous phase. The shell might 
be caused by free radicals which are initiated in the aqueous phase and are 
subsequently captured by the polymer particles; this would result in a 
higher degree of cross-linking at the surface than near the particle center 
where only the free radicals initiated inside the particle, or diffusing from 
the surface, can cause cross-linking. 

In order to determine the effect of copolymer molecular weight on the 
optimum irradiation level, three 60-40 styrene-butadiene copolymers of 
varying molecular weights were prepared. The recipes used were identical 
to that of Latex I except for varying increments of t-dodecyl mercaptan, a 
well-known chain-regulator. Thus these three latexes were comprised of 
uniform particles of approximately equal particle diameters but with vary- 
ing copolymer molecular weights. The molecular weights vary in an in- 
verse order with mercaptan concentration, the higher the mercaptan con- 
centration, the lower the molecular weight. 
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Samples of these latexes were irradiated at dosage levels ranging from 
25 to 200 mrads. With the copolymer of highest molecular weight, 50 
mrads hardens some of the particles leaving others still soft, and 75 mrads 
are necessary to harden all the particles completely. With the copolymer of 
intermediate molecular weight, the particles appear soft at 50 mrads but 
all are hardened at 75 mrads. With the copolymer of lowest molecular 
weight, the particles all appear soft at 50 mrads, some appear soft while 
others appear hardened at 75 and 100 mrads, and 150 mrads are necessary 
to harden all the particles. Thus, at least qualitatively, the optimum irradi- 
ation dosage level is dependent upon the molecular weight of the copolymer; 
this optimum dosage level may be determined for each system to be studied. 

This high-energy irradiation technique is applicable to other systems, 
e.g., polyethyl acrylate, polyvinyl acetate, and natural rubber. The un- 
treated polyethyl acrylate particles shown in lig. 7a appear hazy and in- 
distinct. Bromination does not harden these particles; indistinct images as 
well as an increased degree of aggregation are observed as shown in Iig. 
7b. Polyethyl acrylate contains few residual double bonds available for the 
bromine addition reaction; the particle densities and contrast of the bromi- 
nated and unbrominated specimens are not appreciably different. The 
effect of high-energy irradiation is shown in Fig. 7¢ (98 mrads, the optimum 
level); here the particles appear hard and discrete with little aggregation. 
The average particle diameter can be readily determined from this exposure, 
whereas measurements of the untreated and brominated specimens are ob- 
viously inaccurate. 

In electron micrographs, polyvinyl acetate particles appear as hard as 
80-20 styrene-butadiene copolymer particles, 1.e., harder than polyethy1 
acrylate or 60-40 styrene-butadiene copolymer particles, but not as hard as 
polystyrene particles. Bromination tends to aggregate these particles and 
does not harden them. High-energy irradiation partially hardens the par- 
ticles at the 9.3 mrad level, but 23 mrads (optimum) are necessary to yield 
hard, discrete spheres. Higher dosages (47 and 93 mrads) aggregate the 
particles to a greater extent without appreciably increasing their contrast 
on the photographic plate. 

The effect of high-energy irradiation on particles of natural rubber (He- 
vea) was also studied. These particles appear very soft and amorphous. 
Bromination hardens them but there is considerable aggregation and coales- 
cence; many of the particles appear as spheroids. High-energy irradiation 
(47 mrads, the optimum level) hardens these particles, producing discrete 
spheres with little aggregation. A higher dosage (93 mrads) results in un- 
even particle surfaces and pronounced aggregation. 

Some polymers are predominantly degraded rather than cross-linked by 
high-energy electrons; polymethyl methacrylate is an example of this type. 
Figure 8a shows these particles before irradiation; Figs. 8b and 8¢ show par- 
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Fia. 7. The effect of bromination and irradiation on latex particles of polyethyl 
acrylate: (a) untreated; (b) brominated; (c) 93 mrads. 


\Y/, 


As 


PARTICLE DIAMETER DETERMINATION OF FILM-FORMING LATEXES 559 


Fia. 8¢ 


Fic. 8. The effect of irradiation on latex particles of polymethyl methacrylate: 
(a) untreated; (b) 23 mrads; (c) 186 mrads. 
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ticles after irradiation dosages of 23 and 186 mrads, respectively. Few of the 
original particles are observed after irradiation; much extraneous matter 
may be seen, however. This extraneous matter may arise from the disin- 
tegration of latex particles owing to excessive degradation of the polymer 
molecules. 


SUMMARY 


Styrene-butadiene copolymer particles are hardened for electron micro- 
scopy by the addition of bromine to the residual double bonds. The amount 
of bromine required depends upon the butadiene content of the copolymer. 
The particle diameter increase on bromination ranges from 0.2 % for poly- 
styrene to 24.8% for polybutadiene. 

High-energy electrons also harden these particles owing to the cross- 
linking of polymer molecules. The irradiation dosage required depends 
upon the composition and molecular weight of the copolymer. This tech- 
nique is applicable to natural rubber and also to polymers which are un- 
affected by bromination, e.g., polyethyl acrylate and polyvinyl acetate. 
The degradation of polymethyl methacrylate particles on irradiation is 
evidenced by their apparent disintegration. 
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LETTER TO THE EDITOR 


CALCULATION OF SURFACE TENSIONS OF LIQUIDS FROM 
LIQUID DENSITY AND VAPOR PRESSURE 


It is well known that there is a relationship between the total surface 
energy and the heat of vaporization of a liquid. The approximation is often 
made that the total surface energy per mole of surface molecules is a fixed 
fraction of the molar heat of vaporization, since a surface molecule has a 
smaller number of near neighbors than a molecule in the interior. 

The writer has found that, by somewhat analogous reasoning, it is pos- 
sible to derive an expression for the free surface energy of a liquid as a 
function of its density, vapor pressure, and molecular weight. When a 
vapor is condensed to a liquid at the vapor pressure of that liquid, there is 
no change in free energy. However, if the vapor were not condensible and 
behaved like an ideal gas, there would be an increase in free energy equal 
to RT In V,/Vi, where V, is the initial volume of the vapor and V, is the 
final volume. We can assume that the surface molecules of a liquid have a 
free energy content greater than the vapor molecules because some of 
their near neighbors are missing, so that they resemble to some extent a 
compressed perfect gas. As about 14 of the neighbors are missing, this 
excess free energy should be 14 RT In V,/V,. Since 1 mole of molecules at 
the surface occupy an area of N'® (M/D)”", the excess free energy per 
unit area is 


TRIE No WV 
= ; Sa [1] 
4N183(M /D)?2 


where F is the gas constant, 7’ is the temperature, V, and V; are the molar 
volumes of vapor and liquid, V is Avogadro’s number, M is the molecular 
weight, and D is the density of the liquid. Assuming the ideal gas law, we 
may replace V, by RT/P. Making the proper numerical substitutions, 
we then obtain 


_ 0.567 T(4.795 + log (T'D/PM)) 


where 7 is temperature in degrees K., D is liquid density in grams per 
cubic centimeter, P is vapor pressure in millimeters of mercury, and M/ 
is molecular weight. 


The assumption made in deriving these equations is simply that the 
surface molecules, which have only 34 as many neighbors as the interior 
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TABLE I 
Liquid Surface tension 
density (dynes/cm.) 
Substance Hcenpben Mol. Vapor pressure Calcu- Teste 
(°K.) wt. (mm.) lated ie 
by Eq. [2] 
Group 1 
Hydrogen 14.7 0.07 2.02 100 2.50 2.88 
Neon 25.0 1.2 20.2 400 Beil ono 
Nitrogen 70.0 0.80 28.0 330 9.6 10.6 
Bromine 293 alls 159.8 200 39.1 41.5 
Phosphorus tri- 293 1.574 137.4 95 28.2 29.1 
chloride 
Carbon monoxide 70.0 0.814 28.0 155 11.0 12.1 
Ethane — 143 0.597 30.0 38 21.9 22.9 
Propane 173 0.646 44.0 22 220 23.4 
n-Butane 203 0.670 58.1 19 22.9 23.4 
n-Hexane 293 0.659 86.1 125 19.7 18.4 
n-Octane 293 0.702 114.1 10.5 22710 21.8 
n-Dodecane 373 0.690 170.2 15 20.5 18.5 
n-Pentadecane 423 0.676 QNDE 19 18.9 16.9 
2,2,3-Trimethyl- 293 0.690 100.1 82 19.2 18.8 
butane 
Benzene 293 0.879 78.0 75 28.7 28.9 
Toluene 293 0.867 92.0 22 28.9 28.5 
o-Xylene 333 0.846 106.0 40 Die 28.7 
Perfluoro n-hep- 293 oo 388 .0 63 13.9 13.6 
tane 
Perfluoro methyl- 293 1.799 350.6 90 14.9 15.4 
cyclohexane 
Perfluoro’ p-di- 293 1.850 400.0 29 16.0 16.3 
methyleyclo- 
hexane 
Carbon  tetra- 293 1.595 153.8 85 26.4 26.9 
chloride 
Chlorobenzene 293 Helo g ES 8.8 32.4 33.2 
Benzophenone 305 1.10 182.2 0.0014 45.4 44.0 
Carbon disulfide 293 1.26 76.0 325 32el S2R8 
Water 353 0.97 18.0 355 103.0 62.6 
Acetic acid 293 1.05 60.0 inkee 48.5 2146 
Group 2 
Helium 4.0 0.122 4.00 760 0.21 0.12 
Argon 90.0 1.41 39.94 760 13.3 tee 
Chlorine 233 1.56 70.9 570 28.5 Peo 
Chlorine 293 1.41 70.9 4990 22.8 18.4 
2-Methylbutane 293 0.620 72.0 575 17.0 15.0 
Propane 233 0.578 44.0 830 17.3 15.2 
Benzene 353 0.813 78.0 760 Byer 22 
Carbon dioxide 248 1.00 44.0 12,630 16.2 9.1 
Ammonia 332 0.54 17.0 19,000 22.0 13.0 


ee eee 
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molecules, have total free energy equal to 34F, + 14Fi,, where F; is the 
free energy of the bulk liquid (and the equilibrium vapor) and Fi, is the 
free energy of an ideal gas compressed to the density of the liquid. This 
application of the concept of local interaction to free energy has theoretical 
objections, since the entropy term of the free energy cannot be localized in 
the same manner as the energy term. Nevertheless Eq. [2] appears to be 
quite useful. 

Group 1 in Table I shows calculated and actual surface tensions of vari- 
ous liquids at fairly low temperatures (vapor pressure well under 1 atmos- 
phere). Agreement of calculated with observed values is good. In most 
cases the calculated value agrees with the observed more closely than that 
obtained from the familiar Ramsay-Shields modification of the Eétvés 
equation. Equations [1] and [2] have the further advantage over the 
Ramsay-Shields equation of not including any arbitrary constant and of 
being based on variables which are more readily determined than the 
critical temperature. As would be expected, the equations do not hold 
for highly associated liquids such as water and acetic acid. 

In another way, however, the equation is more limited than the Ramsay- 
Shields equation. It sometimes gives calculated surface tensions which are 
10 %-15 % high when the temperature is high enough for the vapor pres- 
sure to approach 1 atmosphere, while at still higher vapor pressures, the 
calculated values become much too high (Group 2). Equation [2] can, 
however, be applied indirectly to calculate the surface tensions of liquids 
at higher temperatures. From the vapor pressure of the liquid at a lower 
temperature, an accurate calculation of surface tension can be made. This 
can be substituted into the Ramsay-Shields equation to obtain a calculated 
critical temperature. The Ramsay-Shields equation can then be applied, 
using this calculated critical temperature, to calculate surface tension at 
temperatures where the vapor pressure exceeds one atmosphere. 

The data in the table are taken from the Handbook of Chemistry and 
Physics, International Critical Tables, and Landolt-Bérnstein, Physikalisch- 
Chemische Tabellen. 


Lever Brothers Research Center Irvine RricH 
Edgewater, New Jersey 

Recewed March 11, 1959; 

revised July 8, 1959 
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BOOK REVIEW 


Brief Course in Organic Chemistry, 2nd edition. By L. C. Breur, R. C. Fuson, 
and H. R. Snyprr. John Wiley & Sons, Inc., New York 16, New York, 1959. 289 pp. 
Price $5.75. 

This brief textbook of organic chemistry includes a large amount of basic informa- 
tion, and appears to be well designed for students whose primary interests are in 
areas requiring some knowledge of organic chemistry. The use of pictures of molecular 
models throughout the text, together with the structural formulas, is a particularly 
good feature of this book. The subject matter is intelligently condensed and clearly 
stated. Aromatic compounds are introduced early, and the integration of this material 
with the aliphatic compounds throughout the remaining chapters is well suited to a 
short eourse in organic chemistry. The reviewer feels that it would perhaps be more 
desirable to include the subject matter in the final chapter on ‘“Mechanisms’”’ through- 
out the text where it is pertinent to the reactions under discussion. On the whole, the 
selection of information included in the discussion of mechanisms is unusually good 
for the amount of space allotted to the subject. However, the illustration for the 
displacement reaction on page 271 is poorly drawn and does not show the inversion 
of the carbon atom in a clear way. The book appears to be quite free of errors; the 
one noted involves an incorrect structure of insulin on page 200. It is well known that 
insulin contains two chains, and not four, as given in the text. 

The faults of the book are relatively minor, and this appears to be a good text 
indeed for a4 short course intended for students of agriculture, home economics, 
medical technology and related fields. 

: R. R. Becker, New York, New York 
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LIGHT SCATTERING OF COLLOIDAL SILICA! 


Byrg E. Bonnelycke and W. B. Dandliker 


Department of Biochemistry, University of Washington, Seattle, Washington 
Received July 13, 1959 


INTRODUCTION 


In the calibration of light-scattering instruments by the transmission 
method, the turbidities of a set of solutions are obtained in a spectropho- 
tometer and are compared with the scattering at 90° to obtain the instru- 
ment constant. 

A colloidal solution of silica (Ludox) has been used in this method for a 
number of years (1-9), on the assumption that it does not absorb at the 
wavelengths used. This assumption was based on the constancy of \o‘r/ 
(mdn/dc)? with varying o as shown, for example, by Goring (10). Goring 
and co-workers, however, recently pointed out (9) that this constancy 
might still obtain approximately despite absorption and suggested that 
Ludox solutions develop absorption on aging. 

We have employed a sensitive method to prove the absence of absorption 
by showing that for a set of solutions of the same silica concentration but 
increasing solvent refractive index, the turbidity and scattering due to the 
silica go to zero concomitantly. 


EXPERIMENTAL MertrHops 


Light-seattering measurements were made with a Brice-Halwer instru- 
ment employing the conical cell and cell container of Dandliker and Kraut 
(11). Photocurrents were read as voltage drops across a 20-megohm resistor 
by means of a Cambridge potentiometer. The instrument reading for solu- 
tions or blanks was taken as photocurrent at 90° with the cell in place 
divided by the photocurrent at 0° with the cell removed. 

To measure the lowest turbidities encountered, a spectrophotometer with 
a 50-em. cell was constructed on an optical bench. The instrument is shown 
diagrammatically in Fig. 1. A Bausch and Lomb grating monochromator 
(A) with mercury are serves as the light source and illuminates the cir- 
cular aperture (7) which is 1 mm. in diameter. Achromatic lens (B) with 


1 This work was supported by Grant No. H2217 of the National Heart Institute. 
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Fig. 1. Diagram of spectrophotometer using a 50 cm. cell. See text for description. 


its aperture stop (2) focuses an image of (1) onto a diffusor plate in the 
photomultiplier tube housing (#). Two cells (C) were made of 25 mm. 
Pyrex tubing ground accurately to 50 cm. in length. End windows were 
made of microscope slides sealed on with an epoxy resin. Reproducible 
positioning of the cells is insured by two glass legs (near one end of the cell) 
terminating in more or less spherical glass feet resting in V-grooves 120° 
apart. The other end of the cell rests directly in a V-shaped support with 
sharp edges. Initial alignment of the cells was accomplished by heating the 
glass legs of the cell with a burner and by moving the cell into proper posi- 
tion while on the optical bench. The contribution of forward scattering to 
the emerging beam is minimized by a 1.2-m. blackened tube (D) having 
seven circular apertures just outside the main beam. The solid angle de- 
fined by aperture (9) and a point at the exit window of the cell ( C) is about 
10-4 steradians. In Fig. 1, the upper numbers (/ through 9) indicate cir- 
cular apertures and the lower numbers (27, 50, and 120) indicate dimen- 
sions in centimeters. Photocurrents from a 1P21 photomultiplier tube 
housed in (Z) were measured by a 10-turn Helipot shunted by a galvanom- 
eter which was used at constant deflection. The accuracy of the instrument 
was checked with potassium chromate using the data of Haupt (12), and 
also by comparison with the Beckman DU spectrophotometer when the 
turbidities were sufficiently high. The instrument is described in a thesis 
(13). 

The stock 30% silica sol obtained from the E. I. DuPont de Nemours 
Company was from a special batch (G. C. —3413-85) selected during manu- 
facture for its particle size (10-15 my) and particle weight (10°). To vary 
the solvent refractive index, 25 ml. portions of the 30% stock Ludox were 
diluted with 0, 70, 110, 150, 200 ml. of reagent grade glycerol and each 
mixture was brought to 250 ml. with water. The blanks used in both the 
light-scattering instrument and the spectrophotometer were made from the 
appropriate amounts of water and glycerol. No attempt was made to re- 
move the few large aggregates present in the stock Ludox solution, since it 
was felt that their elimination would not alter any absorption appreciably. 
The ratio of the vertical component in the scattered light at 25.8° divided 


by that at 90° was of the order of 1.29 for a 1/100 dilution of the stock 30% 
Ludox. 
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Fic. 2. Excess turbidity versus excess scattering at 4358 A for silica at constant 
concentration but varying solvent refractive index. 


RESULTS AND Discussion 


The excess turbidity is plotted versus excess scattering in Figs. 2 and 3 
for two wavelengths. The values for excess scattering, G’(90), have in each 
case been multiplied by n”, where 7’ is the ratio of the refractive index of 
the solution to that of water. Literature data (14) on the refractivity of 
glycerol-water solutions were used to compute n’, which was assumed to 
be the same at 4358 A. and 5461 A. For the points in Fig. 2 and 3 beginning 
at the origin and proceeding to the upper right-hand corner the values of 
n'? applied are 1.18, 1.13, 1.10, 1.06, and 1.00, respectively. Figures 2 and 
3 show that the 90° scattering and the turbidity measured by transmission 
are proportional to one another, indicating the absence of specific absorp- 
tion in our Ludox silica sol. This method can also be used to ascertain 
whether the changes resulting from the aging of Ludox are due to ab- 
sorption, as suggested by Goring eé al. (9), or to the altered scattering 
accompanying aggregation. 

The validity of the refractive index correction applied to Figs. 2 and 3 
warrants some comment. Carr and Zimm (15) considering a point scatterer 
and Hermans and Levinson (16) a finite scattering volume have derived 
refractive index corrections for cells with plane or cylindrical surfaces. 
In our instrument the photometer never sees all the illuminated volume in 
the horizontal direction but sees past it in the vertical direction. This 
should give rise to a correction factor of n in the horizontal direction (16). 
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Fic. 3. Scattering at 5461 A, otherwise similar to Fig. 2. 
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Fra. 4. Refractive index correction for a point scatterer inside a conical cell. 


Following Carr and Zimm (15) the correction can be calculated for a point 
scatterer situated at P (Fig. 4) on the axis of a conical cell. The cell wall W 
makes an angle z with the vertical direction (axis of revolution of the cone). 
The scattered light entering the photometer is defined by the slit S. The 
dotted lines indicate the path in the absence of refractive effects, and the 
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solid lines the path when the ratio n’ of refractive index inside to that out- 
side is greater than 1. The ratio 62/6; can be found by approximation from 
the relationships: 


0, at NP P82 
6, = 2h 

r’ cos? cos ¢ sin (8 — a) 
rsin (8 + ¢ — 2) 


r’ coS2 cos @ sin (6 — y) 
rsin (6 — ¢ — 7) 


cosa = 


COS 


sin 8B = n’ sine 


sin 6 = n’ sin y 


The above equations reduce to those of Carr and Zimm (15) when 7 


is made sufficiently small. Under the circumstances of the present work 
62/6; reduces to approximately n’ leading to the total correction factor of 


n, 


SUMMARY 


The absence of absorption in colloidal silica was demonstrated by varying 


the solvent refractive index of a set of solutions of the same silica concen- 
tration and by showing that the excess turbidity and scattering go to zero 
concomitantly. A spectrophotometer with a 50-cm. cell was used. 
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INTRODUCTION 


The term “capillarity” as used in this discussion will refer primarily 
to the relative motion between a solid and a liquid, caused by the particular 
group of mechanical and hydrodynamic forces generally termed capillary 
forces. The fundamental mechanical system involved in capillarity consists 
of a liquid phase (L) in contact with a second fluid phase (4) which may 
be vapor or liquid, both fluid phases being in contact with a single solid 
phase (S). Capillary movement may be defined more precisely as the 
movement of the L-A-S line boundary along the solid surface under the 
influence of the capillary forces. These are forces which arise from inter- 
molecular attractions within condensed phases. They are responsible for 
the surface tension of liquids and for the characteristic contact angle at 
the boundary line between a solid and two fluids. 

The classical treatments of capillarity and the procedures for solving 
familiar problems in capillarity are based most frequently on Laplace’s 
equation for the pressure difference across a curved phase boundary be- 
tween two fluids. This pressure difference is proportional to the curvature 
of the surface and can be expressed by the equation 


(I y{(1/Ri) + (1/Re)), (1] 


where p; and p» are the pressures within the two phases near the interface 
and ¥ is the interfacial tension. The greater of the two pressures exists on 
the concave side of the interface. Equation [1] is valid for all cases where 
the thickness of the interface itself is small compared with the absolute 
values of R, and R2, the principal radii of curvature of the interface CIE 

The curvature of the fluid (L-A ) interface is determined by the geometry 
of the solid surfaces with which it is in contact and by the contact angle 
at the L-A-S boundary line. This classical treatment of capillarity is read- 


1 This work was performed in partial fulfillment of a research contract with the 
Chemical Warfare Laboratories, Army Chemical Center, Maryland. 
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ily applied to systems in which the solid surfaces form closed cylindrical 
channels, or to systems having a single moving liquid front and a total 
volume of liquid which is large compared to the volume of the capillary 
spaces. In many such capillary systems the pressure difference due to curva- 
ture may be balanced against the hydrostatic pressure due to gravity, or 
against other mechanical pressures, to determine the movement of the 
liquid front. 

Some time ago an extensive study was started in our laboratory of the 
movement of liquids in textile fabrics, particularly the wicking and pene- 
tration of single drops and small splashes. In systems of this type the 
liquid moves almost entirely by capillarity and the effect of gravity is 
negligibly small. Another characteristic of these textile fabric systems is 
the presence of two or more liquid fronts, fed from the same reservoir, 
moving simultaneously in different directions. For these reasons, and be- 
cause the geometry of the solid surfaces is relatively complex, the con- 
ventional treatment based on curvature calculations was found imprac- 
tically difficult to apply. 

The treatment described below is based on the energy changes which 
take place during capillary motion. The energy approach is not new, al- 
though it has been largely neglected, and there are surprisingly few illus- 
trations of its use in the literature of capillarity. It has proved very useful 
in explaining and calculating capillary motion in textile-liquid systems, 
and we believe it should be equally applicable to a wide range of other 
capillary systems. 


FUNDAMENTAL EQUATIONS FOR CAPILLARITY 


Consider the system of Fig. 1, which shows in profile a flat-surfaced 
solid plate of fixed total surface area = S, upon which is placed a drop of 
liquid AOHB having a fixed volume V. At any instant of time the free 
energy of the system, F, is expressed as: 

F = Area LA-yra + Area SL-ys, + Area SA-ys4, 


where areas LA and SL refer to the liquid-vapor and solid-liquid inter- 
facial areas, respectively, and the gammas refer to the free energy per 
unit area of the interfaces indicated in the subscripts. But Area SA = 
Area S — Area SL; therefore 


F = Area LA-yr4 + Area SL-ys, + Area S-ysa — Area SL-ysa ; 
F = Area LA-yra + Area SL-(ysz — Ysa) + Area S-ysa . 


The term Area S-ysa is a constant for any specified system. Provided 
Area S always remains larger than Area SL, so that a line boundary of 
three phases exists: 

F = Area LA-yra + Area SL-(ysi — Ysa) + K. [2] 
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Frc. 1. Fundamental liquid-fluid-solid system. 


In the region near the L-A-S boundary line in any specified capillary 
system yra, Ysz, and Ysa all have fixed values, i.e., they are constants. 
For convenience in discussion we shall refer to yz as hi , and to the quan- 
tity (Ys = Ysa) as ke 6 

Equation [2] can be considered the fundamental equation used in cal- 
culating the driving forces in capillary systems. 

A system corresponding to the mathematical description of Eq. [2] can 
be considered as a representative capillary system in which gravitational 
forces (and any other forces tending to cause motion) are negligible when 
compared to the capillary forces associated with the interfacial free 
energies. A wide range of practical textile-liquid systems are of this simple 
type, to which the present discussion shall be limited. 

Movement of the liquid relative to the solid im such a system corre- 
sponds to a change in the magnitude of Area LA and /or Area SL. In order 
for such movement to occur spontaneously it must take place with a de- 
crease in the free energy of the system. Thus, capillary movement will 
occur when and only when the time derivative of Eq. [2] is negative. 

Differentiating Eq. [2] with respect to time, we obtain 


dF d(Area LA) d(Area SL) 
1 —————_ +k : 


dt dt < dt [3] 


On a qualitative basis it is frequently possible to determine the signs of 
ky{d( Area LA)/dt] and k[d(Area SL)/dt| by simply inspecting the ge- 
ometry of the system, provided that values for k, and ky are available. 
The value of k, is, of course, the free surface energy at the L-A-S bound- 
ary line. In systems having a one-component liquid phase, the free energy 
at the line boundary is the same as at all other places on the liquid sur- 
face. With two or more components in the liquid phase, there is the possi- 
bility of variation in the free energy over the surface. The value of k. can 
be calculated from the equilibrium contact angle @ of the L-A-S system 
using the relationship cos 6 = —k»/k,. It can also be determined experi- 
mentally, using any suitable variation of the Wilhelmy plate technique, as 
described later in this paper. The value of ks is negative where @ is less 
than 90° and positive where 6 is greater than 90°. 
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Fig. 2. Capillary tubes dipping into cylindrical reservoirs. a. Liquid rising in 
center tube. b. Liquid rising in annular space between tubes. 


DIRECTION OF CAPILLARY MOTION 


A simple illustration of the use of Eq. [3] is provided by the familiar 
system of Fig. 2, in which a relatively small-bore cylindrical capillary 
tube 7, dips into a reservoir of liquid LZ contained in a cylindrical vessel 
T. of larger bore. Let us assume that the effect of gravity is negligible, 
and indeed it can be made negligible by using Plateau’s technique (2). 
This consists in replacing air by a fluid A which is immiscible with L but 
has the same density as L. 

In this system the total Area S of Eq. [2] can be taken to be the internal 
wall area of T2 plus the internal and external wall area of T; . Area LA is 
equal to the sum of the two meniscus areas M@, + M2. Area SL is equal 
to the internal area of 72 covered by liquid L, plus the internal area of 
T, from D to G, plus the external area of T, from D to £. For simplicity 
in calculation we may assume that the wall thickness of 7 is negligible. 
When the liquid moves upward or downward in T;, Area LA remains 


constant but Area SZ changes. 
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When surface M, moves from G to H, a distance s: , the change in Area 
SL is equal to 


A Area SL = 2aris: — (2ares2 + 2nrise). 


Since s, Area M, = s, Area Mz, A Area SL is zero when re = 27. 

Thus, if r2 > 2r, as in Fig. 2a, A Area SL is positive when the liquid 
front M, moves from G toward H. If m < 2m as in Fig. 2b A Area SL 
is positive when the front M moves from G toward £. 

Applying Eq. [3] to this system, the manner in which the signs of A 
Area SL and of ko control the direction of liquid movement becomes evi- 
dent. The liquid will move spontaneously in the direction which makes 
A Area SL positive, provided ky is negative. If k2 is positive the liquid will 
move in the opposite direction. If k, is zero (corresponding to an equi- 
librium contact angle of 90°), the liquid has no tendency to move. Thus 
the direction of liquid movement can be predicted without reference to 
the curvatures of the surfaces M, and M, and without direct or explicit 
reference to the contact angle, 0, of the system. 


CALCULATION OF DRIVING FoRcE AND PRESSURE 


To calculate quantitatively the driving force or pressure associated 
with capillary movement it is necessary to express Area LA and Area SL 
in terms of some common convenient geometrical parameter of the system, 
z. Equation [2] can then be rewritten as 


F = f(x)-ky + g(x) -ke + K, [4] 


where f(x) = Area LA and g(a) = Area SL. 
This equation can now be differentiated with respect to x to give 


dF /dx = f'(2)-ky + g!(z)-ke- [5] 


Equation [5] can be used to calculate numerically the change gal 
corresponding to the change in z. From the geometry of the system As, 
the change in location of the liquid front in the desired direction, can be 
expressed as a function of Ar and can therefore be calculated and ex- 
pressed as a function of AF. 

The average force Q driving the liquid front through the distance As 
is given by the equation 


AF = Q-As. [6] 


If the liquid front is moving in a thermodynamically reversible manner, 


the pressure is constant from point to point over the L-A interface. We 
can then write 


P = Q/(Area EA). 
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Thus the pressure causing the liquid front to move is calculable with 
no reference to the curvature of the front. 

It should be noted that the value of k, may vary from point to point 
over a contaminated surface or a nonhomogeneous surface. It is the equi- 
librium value of ky: at the locus of action on the L-A-S line boundary which 
determines AF and Q at that point. 

As an illustration this treatment may be applied to the system of Fig. 
2a. In this system it is convenient to choose s; , the distance moved by the 
liquid front M, in the direction from G toward H, as the independent 
variable x in terms of which Area LA and Area SL are expressed. 

For purposes of illustration, let kg = —30 and k; = 40; let m = unit 
distance and r2 = 10 units of distance. 


dF _ 40 d(Area LA) _ 30 d( Area SL) 


ds, — dsi ds, 
Since Area LA remains constant as s; changes, 
dF d( Area SL) 
— = —30 ——__—__. 
ds, ds, 


As the liquid rises 10 units of distance in the tube of r;, Area SL is in- 
creased by 207 in the tube of 7, and decreased by 2.2m in the tube of 
ro, a net gain of 17.87 units of solid-liquid area, 1.e., 


d(Area SL) _ L789 
ds, 
and dF/ds, = —53.47 energy units per unit distance rise in the small 


tube. This is equal to the force driving the liquid up the tube, since the 
tube is uniform in diameter. Since this force is distributed over ary OF 7 
units of area, the pressure exerted by the liquid front is 53.4 pressure units. 
When 7, = 1 cm., the pressure is 53.4 dynes/ cm.’. Note that the pressure 
on the surface of liquid in the reservoir can be calculated in the same man- 
ner. In this case there is a net gain of 17.87 units in Area SL for a decrease 
of 0.101 distance unit in s, ie., [d(Area SL) /ds2] = 1767 and dF/dsx = 
52802 force units. This force is distributed over a(rs — ry) or 99m 
units of area. The pressure, therefore, is equal to 53.4 dynes/cm.”. 

It is noteworthy that in this system a portion of the net driving pres- 
sure (the portion due to the liquid front M, at G) can easily be calculated 
from Laplace’s equation [1]. Since the tube is cylindrical, the surface 1; 


is spherical and 


2ycos@ — —k,  2yv 
AP uy ia Hat = ky Ty ; 


Using the above values for k, and kz, APy, = 60 dynes/em.’. 
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The opposing portion of the net driving pressure due to M2 at # cannot 
easily be calculated by the classical method, however, because the curva- 
ture of the nonspherical surface M2 is not readily evaluated. 


Mopeu CAPILLARY SYSTEMS 


There are several relatively simple capillary systems which serve as 
excellent models for the systems encountered in textile fabrics. These sys- 
tems can, in general, be resolved more satisfactorily by the above method, 


Fic. 3. Pull of a liquid on a cylindrical Wilhelmy plate. 


SA 


Fie. 3a. Pull of liquid on cylinder when gravity is negligible. 


using Eqs. [2] to [6], than by the conventional methods based on Eq. [1]. 
Four such systems are illustrated below. 


Putt or A Liquip on A WILHELMY PLATE 
IN THE FoRM OF A CYLINDER 


Figure 3 represents a large reservoir of liquid into which is dipping a 
solid cylindrical rod. It is known that the liquid exerts a positive pull on 
the rod when the contact angle is less than 90°, i.e., when ke is negative. 
To calculate the pull from the basic equation [2] the procedure is as fol- 
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lows: As the rod moves in and out of the liquid, Area LA remains con- 
stant (A in the diagram): Area SL increases as s decreases. Assuming that 
the cross-sectional area of the rod (mr’) is very small compared with 
Area LA, the changes in Area SZ on the walls of the container 7’ become 
negligible, and 


—d(Area SL) = 2zr ds. 
Therefore, 
dF /ds = Q = —ke-2ar. [7] 


When kz has a negative value, dF'/ds is positive and F decreases as s de- 
creases, 1.e., the liquid exerts a pull on the rod. 
The classical expression for pull on the rod in this system is 


Q = 2ryxa COs 0. 


It can be shown that cos 6 = —ke/yra4 . 
Thus, the classical expression and Kq. [7] are identical. 

It is noteworthy that the physical pull on the rod cannot exceed 2rrk, 
even though k; can be less than —k,. When k; is less than —k,., and a 
withdrawing force greater than 277r-k, is applied to the rod, the liquid 
surface yields to this force and allows itself to be broken (extended). The 
break occurs at the solid-liquid boundary, so that the liquid surface main- 
tains its shape according to Laplace’s formula. 

It should also be noted that in the absence of gravity the system de- 
scribed would in general not have the appearance of Fig. 3, but rather 
that of Fig. 3a. The liquid would require no container and it would be 
substantially spherical in shape. As the solid rod moved into or out of the 
liquid, Area LA would change and this change would have to be accounted 
for in a rigorous calculation. This system frequently occurs in practice 
when single fiber ends encounter small droplets of liquid. 


CaprtLaRy Motion or Liquid BETWEEN Two ParaLLEL Rops 


It is an experimental fact that when two parallel fibers are dipped into 
a liquid, or when a large drop of liquid is placed across the two fibers, 
capillary motion can occur. The motion occurs, however, only when the 
distance separating the fibers is less than a fixed calculable critical value. 
The problem is to calculate this critical separation and to evaluate the 
capillary forees. 

Consider the system illustrated in Figs. 4 to 6. Assume for simplicity 
in calculation that the sides of the rods (AB and A’B’) are flat and that 
the air surfaces of the advancing liquid column are flat. In practice the 
liquid-air surfaces have curved boundaries and the calculations are thus 
more complicated. The results, however, are completely analogous to 
those outlined below. Assume also that the reservoir L is very large, so 
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Fig. 4 
Fig. 4. Parallel rods surrounded by large drop of liquid. 
Fia. 5. Top view. Rods far apart. 
Fic. 6. Top view. Rods close together. 


that we may neglect the new solid-air interface exposed on the reservoir 
walls as liquid moves out of the reservoir. | 
Considering the liquid front to advance a distance s between the rods 
a = © (Area LA)-In + 4 (Area SL) «ka ; [8] 
ds ds ds 
2 (Area LA) = the linear distance 4A’ + BB’; 


@ (Area SL) = the linear distance AB + A’B’. 


Substituting in Eq. [8] 


OM = hy AA! + Dy AB. 
ds 
Thus for dF’/ds to be negative, and for the liquid to start advancing AB 
must be greater than k,/—k,- AA’. 
It is evident that as the rods are moved closer, AA’ decreases and AB 
increases. The value of df’/ds, equal to the force against the liquid front, 
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decreases (i.e., becomes greater in the negative direction). It is also evi- 
dent that if ki = —k,, AB need only exceed AA’ for wicking to proceed. 

As in the case of the Wilhelmy plate, —k, may in fact be greater than 
k, , but for purposes of calculating the capillary movement of the liquid 
it cannot exceed the value of k,. This expresses the fact that any stress 
greater than k, applied to the liquid simply causes the liquid surface to 
yield. 

When dF’/ds is negative and wicking is proceeding there exists a pressure 
P (shown at P in Fig. 4) tending to push the two rods together. This can 
be calculated by differentiating the free energy F with respect to 7, the 
distance AA’. It is evident that we may consider either s to remain con- 
stant while 4B and r change, or AB to remain constant while s and r 


Fig. 7. Liquid moving in yarn. Yarn and liquid viewed (schematic) in cross sec- 
tion. 


change. In this case let s remain constant while r and AB change. The 
quantity r-AB is also a constant which we shall call C. 


dF d 
i. =2ks+2k.s- fF C(Olmr 
a Qh s- AB 
ay. = Q = 2ki 8 Pe . 


The value of dF /dr is positive because F' decreases as r decreases. The total 
force pushing the rods together is the quantity Q@ above. The pressure 
pushing the rods together, P, is given by the expression 


CaprttaARy Motion or Liquip IN A YARN 


A cross section of a model yarn with liquid moving parallel to the yarn 
axis is pictured schematically in Fig. 7. Direct examination and measure- 
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ment of this system shows that it consists of 15 similar filaments of cir- 
cular cross section. If we call the radius of each cross section 1 unit of 
length, the total length wet filament perimeter is found to measure about 
84 units. The total liquid-air boundary along the cross section (P + P’ 
---) measures about 11 units. The liquid-air front (shaded area) which 
remains constant as the liquid advances is approximately 31 square units 
in area. 


Fic. 8. Liquid in a notch. 


By _4C 
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Fie. 9 Fig. 10 Fie. 11 


Fig. 9. Narrow notch. 
Fre. 10. Wide notch. 
Fie. 11. Semicylindrical trough. 


Let the liquid advance a distance s toward the reader, perpendicular 
to the plane of the page. Differentiate the free energy with respect to s, 
as in Kq. [8]. 


d(Area LA) _ : Ab 3. 
7 Ga eee Se ea is 
d(Area SL) a 
ds 
ee = 11-k, + 84k. 
ds 


In a typical liquid-fiber system, k; may have a value of 40 ergs per 
cm. and k, a value of —30 ergs per em.’. In this case the total force normal 
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to the liquid front would be 2080 dynes and the pressure would be 67 
dynes per cm.’. 


CapittaRy Morton or Liquip IN A 
V-SHapPepD Notcu or TrouGH 


A form which may be assumed by liquid in a V-shaped notch is shown 
in Fig. 8. The problem is to predict the motion of the liquid based on the 
geometry of the system and the constants k, and k, . 

Assume that k: is negative but that k; is greater than —k,. This corre- 
sponds to a contact angle between zero and 90°. 

The system is governed by Eq. [8] where s is distance lengthwise along 
the notch. 

Figures 9 and 10 show two notches of differing angle. In the two notches 


oa = BC and B’C’, respectively. 
Similarly 
Benn EL = 2AB and 2A’B’, respectively. 


The ratio BC/BA is small, whereas the ratio B’C’/B’A’ is relatively 
greater. It is evident that there is a value of k»/k, for which the liquid 
will move lengthwise in ABC but not in A’B’C’. Furthermore, it is evident 
that if the liquid does move (i.e., if dF /ds is negative) it will keep moving 
indefinitely until the liquid surface coincides with A. Note that this will 
happen even though the contact angle is greater than zero, provided it is 
less than 90°. 

For any value of k, less than zero but greater than —h, , there is a criti- 
cal vertex angle BAC of the notch. If the vertex angle is greater than the 
critical, the liquid will not keep spreading but will eventually stop in some 
such position as illustrated in Fig. 8. 

A semicylindrical trough is shown in Fig. 11. Here the “vertex angle” 
may be regarded as 180°. The liquid will keep spreading in this trough 
only if —k» is equal to or greater than hy , i.e., if the contact angle is zero. 
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INTRODUCTION 


In the previous publication of this series, a fundamental capillary system 
was defined as consisting of a solid phase S, a liquid phase L, and a second 
fluid phase A, in mutual contact. It was shown that free energy of the sys- 
tem can be expressed by the equation 


F = Area LA-k, + Area SL-k, + K, {1] 


and that the free energy change associated with the capillary motion in this 
system can be expressed by the equation 


dF = d(Area LA)-k; + d(Area SL)-ke , [2] 


where the areas relate to the indicated interphase boundary areas, hy is 
the free surface energy per unit area of the LA interface at the L-A-S 
boundary = yr4, and ke = (ys — Ysa). 

Certain aspects of capillarity, particularly the spreading of a drop of 
liquid over an open solid surface, are not easily described in conventional 
terms without referring to the contact angle @ at the LAS boundary. Most 
modern expositions of surface chemistry and physics use either of two 
methods in deriving the expression for the solid-liquid-vapor contact 
angle in terms of the free surface energies of the three phases. The first 
and by far the most common method is to use the familiar vector construc- 
tion, attributed to Young and Dupré, shown in Fig. la. This is frequently 
criticized for lack of rigor. In particular, the substituting of hypothetical 
forces for the free surface energy values of the solid-vapor (SA) and solid- 
liquid (SL) interfaces is open to criticism. The second method is usually 
referred to as the thermodynamic derivation of Young’s equation. It is 

1'This work was performed in partial fulfillment of a research contract with the 
Chemical Warfare Laboratories, Army Chemical Center, Md. 
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CO S 


Fic. 1. Conventional representation of forces involved in determining the contact 
angle. (2) Dupré-Young diagram. (6) Classical thermodynamic interpretation. 


ascribed to Quincke and has been presented in modern terms by Poynting 
and Thomson, Baxter and Cassie, Moilliet and Collie, and others (1). It 
is illustrated in the diagram of Fig. 1b. While the LA interface stands at the 
equilibrium angle 6 to the SA interface, the line boundary is moved a dis- 
tance along the solid surface from O to C. The liquid front is assumed to 
move parallel to itself since the system is at equilibrium. Thus, if a small 
displacement of O toward C causes @ to decrease, a similar displacement of 
O away from C would cause @ to increase. If the distance OC is called dz, 
the energy changes associated with the area changes are Ysa:d%, Ysx°dx, 
and yz. cos 6-dx. At equilibrium, the algebraic sum of the energy changes 
is equal to zero, and the Young equation is thereby established. Neither of 
the above methods can provide any information on the configurations the 
system might assume while in the process of reaching equilibrium. Thus 
they cannot describe the changes in the phase boundary areas, nor in the 
angle between the LA interface and the SL interface as this quantity ap- 
proaches its equilibrium value 0. 

The purpose of this paper is to show how Eq. [2] may be used advan- 
tageously in the treatment of contact angle phenomena. Particular em- 
phasis is placed on the relationship of contact angle to the geometry of the 
total LAS system, on apparent vs. real contact angles, and on certain 
aspects of contact angle hysteresis. 
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In all the systems which are discussed below it is assumed that gravita- 
tional forces and other mechanical forces are negligible, unless otherwise 
specified. It is also assumed that the liquid phase consists of a single com- 
ponent and is substantially nonvolatile. Under these conditions the Laplace 
equation for pressure difference across a curved phase boundary between 
two fluids may be written 


1 1 
Byes Saree 2a 
al 2) Sy ( = . ) [ ] 
where C is constant from point to point over the whole interface; A; and 
R2 are the principal radii of curvature of the interface. 


DERIVATION OF EquitipriumM Contract ANGLES IN SYSTEMS 
OF VARIOUS SHAPES 


A. Droplet on a Flat Plate or a Sphere 


The system of Fig. 2 consists of a flat, solid plate AOB, in contact with 
which is placed a drop of liquid AOBH having a fixed volume V. The flat, 
solid surface is represented by AOB, which also represents the profile of 
Area SL. The profile of the liquid-vapor surface, Area LA, is represented by 
AHB. The contact angle OAP is represented by @ and is equal to angles 
OCA and OCB. Laplace’s law of constant curvature governs the equi- 
librium form of the LA interface which maintains the form of a spherical 


Fig. 2. Drop of liquid on a flat plate. 
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zone of height OH = h. The LAS boundary of AOB will move along the 
solid surface until equilibrium is established, i.e., until 


dF = 0. [3] 


Starting with Eq. [2], it is necessary only to set up expressions for Area 
LA and Area SL and solve Eq. [8]. 

As in previous discussions, we shall call yr4 = ki, (vsz — Ysa) = he, 
and S: ys, = K. It should be noted that ky is negative if Ysa > Ysz- 
In most practical cases, ky is, indeed, negative. As we shall see later, a 
negative value of ky corresponds to a contact angle of less than 90°. 

In this case it is expedient to express Area LA and Area SL in terms of h 
as the variable parameter for the areas; V is, of course, also a necessary 
parameter. 

The equations are as follows: 


V=oh minlne 


Von 
Ls tah 
Area LA = 2zarh; 
2V 4 Qh’ [5] 
h 3 
2 a 2 ah 
Area SL = 1AO? = 2arh — xh’; = Area LA — ch’ = == oa? . [Bal 
QV, Qrh? 2V 
pa nv +288) + (ZZ aa + K. 
af _ 28 (94, — bays — VE 50) 
Equating to zero and solving: 
Hee 3V (ki + ke) | 
Rb . 
, — BV Ca + =) 


— [w(2ky — ke) 8 © 


Equation [4] is a formula for the volume of a spherical segment. Equa- 
tion [5] is a formula for the area of the spherical zone. The expression for F’ 
is simply a substitution in Eq. [1]. When dF/dh is zero, the surface free 
energy of the system is minimum and h assumes the value shown in Eq. 


[6]. 
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Fic. 3. Drop on a spherical surface. Contact angle less than 90°. 


Using Eq. [6], it is evident that we can (by assigning numerical values to 
V, k,, and ke) calculate the equilibrium values for Area LA, Area SL, 1, 
the contact angle 6, or any other parameter of the system in which we are 


interested. 


The calculation for contact angle is as follows: 


Substituting: 


Pe ple Pe 

Vath 

i at 
Sa 3V — 2h° 
3V 4h 


[7] 


By means of the simple expression shown as Eq. [7], we can calculate 6 
if we know the values for k, and kp. 


If ys. = ysa , then k; = 0 and 6 becomes 90°. In this case the drop has a 


hemispherical shape. 


Expressions for F and @ in the system of Fig. 3, where the drop of liquid 
AEBF rests on a sphere of radius = r,, have also been worked out. This 
was done by assuming an arbitrary fixed value for V, the volume of the 
drop, as a fraction of r;. The numerical values of Area LA (AFB) and 
Area SL (AEB) were calculated in terms of a series of assumed values for 
ED (hy). Arbitrary values were then assigned to k; and ky. The function 


F = Area LA-k, + Area SL-ko 
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was then plotted graphically against ; and the minimum point in this curve 
was taken as the equilibrium value of h;. The contact angle was calcu- 
lated from this equilibrium value of /; . Regardless of the values assigned 
to V, ki, and k , the value for cos 6 was equal to —k:/k; just as in the sys- 
tem of Fig. 2. 

In any system involving a given volume of liquid V disposed against a 
solid surface of fixed, geometrically describable configuration, we may 
apply the above procedure to calculate the equilibrium values for Area SL, 
Area LA, and the contact angle. 

The procedure may be summarized as follows: 

1. Using Laplace’s relationship (Eq. [2a]) find the geometrical form of 
the liquid-air surface (Area LA). This may be spherical or cylindrical or 
may have any of a variety of other forms which have been worked out and 
are known tosatisfy the Laplace’s relationship. Write the algebraic expression 
for this form in terms of a satisfactory parameter. It is noteworthy that the 
choice of a suitable parameter may involve considerable trial and error. 

2. Similarly, write the algebraic expression for the form of the solid- 
liquid interface (Area SL) in terms of the same parameter. Note that the 
expressions for Area LA and Area SL, which we shall call f(x) and g(x), 
respectively, both contain V, the fixed volume of the liquid. 

3. Calling the chosen parameter x, write Eq. [1] as follows: 


F = f(x)-ki + g(z)-he + K. [16] 
4. If possible, differentiate with respect to 2, obtaining 
dF 


f'(x) +h + g(x) + he. 


5. Equate the above expression to zero and solve for x. This gives the 
equilibrium value for 2, from which the equilibrium values for Area LA 
and Area SL can be calculated. 

6. The value of 6, the contact angle, can be calculated from the values 
for Area LA and Area SL and the geometry of the system. The only cal- 
culations which we have made to date have been on systems where LA 
is spherical in form. In all these systems, the value of @ has been found equal 
to —k:/k,. This is completely in accord with the classical theory, even 
though the classical derivation differs quite widely in detail from the pres- 
ent derivation and does not use the constant ke. 

” Where it is not possible to differentiate Eq. [10], use form [1] neglect- 
ing K, and plot F graphically. This is conveniently done by assigning a 
series of arbitrary values to x and calculating the corresponding values for 
f(a) and g(a). Using known or reasonably chosen values for k, and kp, F 
can then be plotted as a function of xz. The minimum value of this function 
can be attained with any desired degree of accuracy by choosing values 
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of x close together in the region of the minimum and using a computer to 
calculate the values of f(x) and g(z). 


B. Droplet on Hemispherical End of a Cylindrical Rod 


It is evident in the system of Fig. 3 that the ratio of 7; to rz, as well as 
the contact angle, has a great effect on the location of the LAS line of con- 
tact. The importance which this may assume in practical systems is illus- 
trated in Fig. 4, where the solid surface has the form of a cylindrical rod 
with a hemispherical end. This can be regarded as an idealized form of a sin- 
gle fiber protruding from a yarn or fabric structure. 


Fre. 4. Drop on hemispherical end of a cylindrical rod. Contact angle greater than 
90°. 


If the liquid drop LZ has a zero contact angle, 6, it can cover the hemi- 
spherical cap ABA’ completely, and can even extend down over the cylin- 
drical portion of S, regardless of how small the volume V may be. If 6 
is between zero and 90°, there is a critical drop volume V which must be 
exceeded for the LAS boundary to extend past the line 4A’ which sepa- 
rates the cylindrical and spherical portions of the surface. If 6 is 90° or 
over, it is impossible for the liquid front spontaneously to move past the 
AA’ line, regardless of how large the drop may be. As @ increases from zero 
to 90°, the critical drop size (critical ratio of r, to r2 in Fig. 3) necessary for 
the LAS boundary to reach the AA’ line at equilibrium increases greatly. 
Thus, the tip of a pointed fiber can tend to prevent a relatively large drop 
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Fic. 5. Nonspreading systems of zero contact angle. (a) Drop of liquid in a tube. 
(b) Drop of liquid on a cylindrical fiber. 


_from engulfing it even if the equilibrium contact angle is somewhat less 
than 90°. 


C. Drop of Liquid in a Cylindrical Tube 


Figure 5a shows a drop of liquid L of volume V ina cylindrical tube of 
radius r. According to the Laplace law, the LA surfaces are spherical in 
form. For any given values of ki and ky , the equilibrium value of @ can be 
calculated by exactly the same procedure used above for the drop on a flat 
plate. Each of the LA menisci in this case can vary in area from a mini- 
mum of rr’ to a maximum of Qnr’ (when @ is zero and the meniscus is a 
hemisphere). It is noteworthy that in the example of Fig. 5a the liquid will 
not spread over the solid surface indefinitely even though @ is zero. If the 
volume V is so small that the length 7 becomes zero, the drop will, of 
course, break at the center and form a figure of revolution on the interior 


wall of the tube. 
D. Drop of Liquid Surrounding a Cylinder 


When a liquid drop of sufficient volume is placed on a cylindrical fiber 
and the equilibrium value for the contact angle of the system is low, the 
liquid assumes the shape shown in Fig. 5b. This figure of revolution, called 
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an unduloid, is obtained geometrically by revolving curve ABC, an ellip- 
tical cycloid, about the axis X—X (2). The curvature of this surface is con- 
stant from point to point. As in the case of Fig. 5a, the liquid does not 
spread over the solid surface even when the contact angle is zero. 


le | | 
c'C DD 


Fic. 6. Drop contacting a solid plate, illustrating driving force toward equilibrium 
contact angle. 


Tue Drivinc Force Cavusinec THE System To ASSUME 
Equmrsrium Contact ANGLE 


When a spherical drop of liquid contacts a planar solid surface (Fig. 
6a-6c), the area of contact (Area SL) grows from a geometrical point to the 
final equilibrium area represented by the profile C’D’ in F ig. 6c. This spon- 
taneous movement of the liquid is a true example of capillarity and is asso- 
ciated at every stage with a definite driving force and pressure. For this 
system (which is the same as the system of Fig. 2), Eq. [5b] gives the force 
in the direction of the parameter h as the drop changes shape and moves 
out over the solid surface. Using Eq. [5a], which relates Area SL to h, 
the radial force in the SZ plane pushing the perimeter AB toward A’B’ 
or CD toward C’D’ (Figs. 6b and 6c) can be calculated. Similarly, the 
energy decrease AF involved in this movement can be calculated as a defi- 
nite integral of Eq. [5b]. 
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SurFACE ROUGHNESS AND Contract ANGLE HYSTERESIS 


The fact has long been recognized that the SA interface and the SL in- 
terface are seldom planar in real systems, and that this roughness has an 
effect on contact angle measurements (3). Wenzel’s discussion of this effect 
(4) is particularly well known and widely referred to. There is, of course, no 
doubt that the apparent interfacial energy on a rough surface differs from 
the true interfacial energy in the same proportion as the apparent area 
differs from the true area. Whether or not this discrepancy in energy is 
related to change in observed contact angle, however, depends largely on the 
geometry of the system and on the dynamics of contact between the liquid 
and the solid surface, as described below. 

It is necessary first of all to define “surface roughness” and ‘‘observed 
contact angle” from an operational point of view. The “apparent” or ob- 
served contact angle can be defined as the angle between the LA profile 
(known to be smooth to molecular dimensions) and the observed SL profile 
at the LAS boundary. The observation must always be made against an SL 
profile which appears smooth, i.e., where precise outlines of roughness are 
not optically resolved by the instrument and the observer. The observed 
profile is accordingly dependent on the resolving power of the system, 
and roughnesses of less than about 200 millimicrons are not ordinarily ob- 
servable. There is, however, good reason to believe that most normal 
nonpolymeric pure liquids have macroscopic flow properties in layers as 
thin as 2 to 5 millimicrons. Thus, a range of dimensions exists within which 
the roughnesses are not observable in conventional microscopic goniome- 
ters. The liquid ‘‘sees” these roughnesses and behaves in the normal manner 
toward them. 

Figure 7a shows a drop of liquid on a roughened solid surface. The solid 
ridges shown in profile are concentric. If viewed from above, the SL sur- 
face would look rippled, as when a pebble falls into a still pond. The dis- 
tance from hilltop to valley is less than 200 millimicrons, but more than 20 
millimicrons, and the angle of the slopes, as shown, is 135° or 45°. The SL 
and SA profile under the microscope looks flat and can be represented by 
the line X—X’. In the following discussion “equilibrium contact angle” will 
refer to the energy quantity cos7! [—(ke/k:)]. “True contact angle” will 
refer to an angle, conceptually measurable with perfect resolution, between 
the SL and LA interfaces. Let us assume that the equilibrium contact angle 
of this system is 90°. In the diagram the drop BB’ stands at its true contact 
angle on the SL surface. The apparent contact angle (the grossly observed 
angle between the LA profile and the X-X’ plane) is also 90°, but this is 
purely a matter of chance. The BB’ front can, for example, be moved in- 
ward one corrugation, coming to rest at RR’. Since the volume V of liquid 
is constant, the apparent contact angle would now be very slightly greater 
than 90° (probably not observable, since the horizontal distance BR is 
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Fie. 7. Apparent versus real contact angles. Effect of surface roughness and hys- 
teresis. (a) Real @ = 90°. Apparent @ = 90°. (b) Real 6 = 90°. Apparent 6 = 135°. (c) 
Real 6 = 90°. Apparent @ = 45°. 


approximately equal to the depth of the corrugation and is therefore not 
resolvable). The true contact angle is still 90°. Similarly, the front BB’ 
can be moved to QQ’ where the apparent contact angle is less than 90° 
but the true contact angle is still 90°. Figures 7b and 7c show the cases where 
the apparent contact angles are 135° and 45°, respectively. It is evident 
from the diagram that the true contact angle is still 90° in both instances. 

Every one of the positions illustrated in Figs. 7a—7c is energetically stable. 
Each diagram represents a position of the system in a potential energy 
trough. It requires an initial input of energy to push the liquid front from 
BB" over a potential barrier to the point where it will move spontaneously 
into the next energy trough at RR’ (or QQ’). The necessary input of energy 
can be calculated quantitatively by the procedure illustrated above. 

At least one type of contact angle hysteresis can thus be accounted for 
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quantitatively. If we start with a droplet barely contacting the rough 
surface at point O in Fig. 7a (analogous to Fig. 6b), the initial outward 
thrust, together with outside forces, can give the front BB’ sufficient 
momentum to carry it in and out of many of the potential troughs asso- 
ciated with the physical ridges. As it nears the ultimate position of mini- 
mum free energy, the momentum will be insufficient to carry the front over 
the energy humps and the front will come to rest in one of the potential 
troughs at a position where the apparent contact angle is still obtuse. 

Similarly, if a drop is pressed out mechanically over the solid surface 
to a position flatter than the one represented in Fig. 7c, it will tend to re- 
tract. The momentum of retraction may take the front over several ridges, 
but eventually the front will come to rest at a position corresponding to one 
of the potential troughs where the apparent contact angle is still acute. 

The position of absolute minimum free energy in the system of Fig. 7 
can be calculated, starting with Eq. [2] and following the indicated mathe- 
matical steps. In this case, it would be necessary to have an algebraic ex- 
pression for the undulating form of the SL profile as well as for the (spher- 
cal) form of the LA interface. The best parameter in which to express these 
functions might not be h (the distance OH), but might be some monotoni- 
cally changing quantity, such as the distance BB’ measured parallel to the 
X axis. The form of F as a function of increasing distance BB’ might have 
to be obtained graphically rather than algebraically (depending on the 
form of the expression for Area SZ). In any event, F would have an undulat- 
ing form with each of the valleys corresponding to a physically stable 
state of the system. One of these regularly occurring valleys in the plot 
of the F function would be lower than all the others and would correspond 
to the position of least total free energy. The apparent contact angle at this 
physical position of absolute minimum F would depend largely on the geo- 
metrical form of the SZ interface and on the ratio of drop volume V to 
the height of the corrugations. It would not necessarily be equal to the 
equilibrium contact angle. The true contact angle (as defined above) 
would equal the equilibrium contact angle at all physical positions corre- 
sponding to the bottoms of dips in the plot of the F function (i.e., at the 
bottom of each potential trough). 

It should be noted that the above discussion does not suggest surface 
roughness to be the only cause for contact angle hysteresis. It is intended 
only to show the detailed mechanisms by which surface roughness in the 
range greater than molecular but less than visibly resolvable can alter the 
apparent contact angle. 

Another type of surface roughness is exemplified by the system of Fig. 8, 
in which a drop of liquid L is in contact with an array of vertical hemispheri- 
cally tipped cylinders S, separated by air gaps A. This system has been 
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Fig. 8. Apparent versus real contact angles. Drop on a set of parallel cylindrical 
fibers with hemispherical ends. Gravity—zero. Real contact angle slightly greater 
than 90°. Apparent contact angle almost 180°. 


discussed in great detail by Baxter and Cassie (5), particularly for the case 
where the equilibrium contact angle is greater than 90°, and where external 
forces (such as gravity and mechanical pressures) are not negligible. In 
the context of the present discussion, this system may be treated as an 
extension of the system of Fig. 4. At equilibrium, the true contact angle 
will be equal to the equilibrium contact angle, cos~![— (k»/k,)]. If the true 
contact angle is 90° or greater, and if the distances z and y are unresolvably 
small but substantially greater than molecular dimensions, the apparent 
contact angle will be close to 180°. The exact position of the LS and LA 
profiles along the array of rods S will depend on the volume of liquid V 
relative to the y and z spacings, as well as on the equilibrium contact angle. 
It is noteworthy that if the equilibrium contact angle is less than 90° and 
the LS front is forced onto the cylindrical portion of S, the LS front will 
tend to move spontaneously into the A spaces. If the equilibrium contact 
angle is greater than 90° the LS front will always tend to stay on the hemi- 
spherical caps, and even if the LS front is forced into the A spaces it will 
tend to retreat to its original position on the caps. In this case each rod S 
is acting as a cylindrical Wilhelmy plate (6), and it will tend to be expelled 
from the drop when the equilibrium contact angle is greater than 90°. 
This system is amenable to the same mathematical treatment used in the 
other illustrations of this paper. The mathematical expressions for areas 
SL and LA will obviously be quite complicated. They will have irregular- 
ities and may have discontinuities corresponding to points where the 
liquid contacts a new rod S. In this case, a configuration of absolute mini- 
mum F can be calculated as in the case of Fig. 7. The apparent contact 
angle for this configuration will depend on a set of factors similar to those 
noted in the discussion of Fig. 7, namely, the volume of liquid, the y and z 
spacings, and the numerical value of the equilibrium contact angle. 
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ABSTRACT 


The interaction between cationic surfactants and cellulosic fibers has been studied. 
Most of the work involves cetyltrimethylammonium bromide (CTAB) and four 
substrates: kiered cotton, a medium-high-tenacity viscose rayon, a viscose rayon 
monofil, and oxycellulose. Absorption isotherms for the cation and anion of the 
surfactant were measured and some attention was given to rates of absorption and 
to the effects of temperature, added electrolyte, and solubilized dyes. 

Two major absorption processes occur in the concentration range studied: cation 
exchange and ion-pair absorption. The cation exchange is dependent on the exchange 
capacity of the substrate. The ion-pair absorption begins to become important in 
the vicinity of the critical micelle concentration of the surfactant and also seems to 
depend on the cation-exchange capacity of the substrate. If the ion-pair absorption 
is assumed to consist of a clustering of ions on exchanged long-chain cations, the 
results for all but very high ionic strengths can be explained. In the presence of large 
amounts of added electrolyte an additional ion-pair absorption seems to occur. 


INTRODUCTION 


Although surface-active agents are used extensively in the textile field 
for several purposes, relatively few studies of the physical chemistry of their 
interactions with fibers have been reported. Most of these studies have been 
concerned with anionic agents; in fact, about the only extensive work in- 
volving cationies is that of Weatherburn, Bayley and Rose (1-3). 

The experiments reported here were primarily concerned with the inter- 
action of one cationic surfactant, cetyltrimethylammonium bromide 


1 Taken from a thesis submitted by F. H. Sexsmith to the Department of Chem- 
istry, Princeton University, in partial fulfillment of the requirements for the degree 
of Doctor of Philosophy. 

2 Presented in part before the Polymer Division at the 130th National Meeting of 
the American Chemical Society, Atlantic City, New Jersey, September, 1956. 

° Present address: Chicopee Manufacturing Co., Milltown, New Jersey. 


598 


ABSORPTION OF CATIONIC SURFACTANTS. I 599 


(CTAB), with various fibrous cellulosic substrates. Attention was focused 
on the equilibrium absorption of the cation and anion of the surfactant 
from solution at room temperature. Some attention was paid to the effects 
of temperature and added salt and acid. Some observations on the kinetics 
of the absorption process were also made, and a few experiments were car- 
ried out using other surfactants. 

It soon developed that there were two absorption processes: an absorp- 
tion of long-chain cations by ion exchange, and an absorption of ion pairs. 
The cellulosic substrates were chosen so as to differ in cation-exchange 
capacity, accessibility, and fiber size in order to show the effects of these 
factors on the absorption. 


EXPERIMENTAL MrruHops 


Fiber samples were equilibrated with surfactant solutions and the change 
in concentration of Q*+ or Br- in the treating bath as a function of final con- 
centration was measured by potentiometric titration. The surfactants used 
were CTAB, stearyltrimethylammonium bromide (STAB), and Emcol E- 
607-L. The fibers used were cotton, a medium-high-tenacity viscose (Cor- 
dura), a viscose monofil, and oxycellulose. The fiber samples were thor- 
oughly washed, treated with acid to remove cations other than hydrogen, 
and neutralized. Bath concentrations are expressed in terms of molarity, 
and the amount absorbed is expressed in terms of milligram-ions per gram 
of dry fiber. 

Complete experimental details are given in Appendix 1 and may be of 
importance, since, as will become apparent, experimental difficulties, ap- 
parently resulting from incomplete purification of the fiber samples, were 
met. Also in Appendix 1 are tables of the water absorptivities (a measure of 
accessibility) and the alkali numbers (a measure of cation-exchange capac- 
ity) of the fiber samples. 


EXPERIMENTAL RESULTS 
Absorption Isotherms 


Preliminary Measurements Involving Ion Exchange. The ion-exchange 
process was studied using several substrates having different alkali num- 
bers. These included, in addition to the four primary substrates described 
above, a bright textile viscose rayon supplied by the American Viscose 
Corp., Fortisan, a saponified cellulose acetate supplied by the Celanese 
Corp. of America, and several samples of Cordura which were oxidized with 
alkaline hypobromite according to the method of Davidson (4). This treat- 
ment supposedly causes preferential oxidation of the primary alcohol groups 
in the 6 position of the glucose anhydride residue in cellulose to carboxylic 
acid groups. These additional samples were purified in the usual way. 

Each of these substrates was equilibrated with a CTAB solution of initial 
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Frag. 1. Cation exchange of oxidized celluloses with a 0.00049 M CTAB solution as 
a function of the alkali number of the substrate. V Oxycellulose; @ Viscose monofil; 
O Fortisan; @ Textile rayon; © Cordura; A Cotton. 


concentration 4.8 X 10-4 M. This concentration is below the critical micelle 
concentration (CMC) of CTAB, which is 10-* MZ (5, 6). For the final cation 
concentrations obtained from this initial concentration, cation exchange 1s 
the predominant interaction with the substrate. The amounts exchanged 
are shown in Fig. 1 plotted against the alkali numbers of the substrates. 
The dotted curve shows hypothetical results which would be obtained if 
the exchange was complete and the alkali number was an accurate measure 
of the cation-exchange capacity. The upper limit on this curve is the total 
amount of cation present in the solution initially. 

Cotton. The equilibrium uptakes of cation (Qt) and Br~ at room tem- 
perature (~25°C.) for cotton are shown in Fig. 2, where they are plotted 
against the concentration of Qt in the treating bath at equilibrium. It is 
evident that, at very low concentrations, cation exchange alone occurs. As 
the concentration of the bath increases, there is an abrupt increase in the 
absorption of Qt and an accompanying absorption of Br~. We have chosen 
to call this second type of absorption, ion-pair absorption. 

In addition to measurements made using 5 g. of fiber to 100 ml. of bath 
some measurements were made using 10 g. of fiber to 100 ml. of bath. The 
use of this fiber-to-bath ratio made examination of a higher range of con- 
centrations possible, and the results are included in Fig. 2. However, it 
should be understood that the results at the two ratios are not strictly com- 
parable, since the capacity for cation exchange differs in the two cases, or, 


in other words, the pH and Br- concentrations of the equilibrium baths may 
differ at the same Q* concentration. 
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Fic. 2. Equilibrium absorption from CTAB solutions by purified cotton at room 
temperature. O 5g. fiber/100 ml. solution; @ 10 g. fiber/100 ml. solution. 
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Fig. 3. Equilibrium cation exchange between purified cotton and CTAB solution 
at room temperature. A, determined by change of titer; B, determined by pH change; 
O 5g. fiber/100 ml. solution; @ 10 g. fiber/100 ml. solution. 


In Fig. 3 the cation exchange is plotted as a function of the equilibrium 
concentration of Q+. The exchange has been calculated from the results 
shown in Fig. 2 and from direct measurement of the pH changes of the 
solutions. It is evident that the two methods are not in agreement. Experi- 
ments, which will be discussed later in this paper, showed incomplete re- 
moval of cations other than Ht in the purification process to be the most 
probable source of this discrepancy, which occurred to some degree with 
most of the substrates. The cation exchange determined as Qt — Br7 is 
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Frc. 4. Equilibrium absorption from CTAB solutions by Cordura at room tem- 
perature. 
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Fra. 5. Equilibrium absorption from CTAB solutions by Cordura at 35°C. 


presumably the better value, although, since it is the difference between 
two experimental measurements, there is considerably more uncertainty in 
the results. It should be noted that there is a maximum in the cation- 
exchange curve. 

Cordura. Equilibrium isotherms for Cordura rayon at room temperature 
and at 35°C. are shown in Fig. 4 and Fig. 5, respectively. In Figs. 6 and 7 
are shown the cation-exchange isotherms. Again there are discrepancies 
between the cation exchange as measured by Qt — Br7 and the apparent 
exchange indicated by the changes in pH of the solutions. In every case 
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Fic. 6. Equilibrium cation exchange between Cordura and CTAB solutions at 
room temperature. A, determined by change of titer; B, determined by pH change. 
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Fic. 7. Equilibrium cation exchange between Cordura and CTAB solutions at 
35°C. A, determined by change of titer; B, determined by pH change. 


there is a maximum in the plot showing cation exchange and some indica- 
tions of maxima in the overall absorption curves in some cases. 

Another set of equilibrium results at room temperature was obtained in 
preliminary experiments. These were very similar to the set shown with 
respect to the shape of curve and relationship to the Q* concentration axis. 
However, the amounts of Q* and Br~ absorbed were considerably less and 
the H* generated more. The difference undoubtedly arises from the fact 
that the samples used in the respective runs were taken from different 
batches of pretreated fiber. 

Another study of the effect of temperature was made in which samples of 
the same size were equilibrated with aliquots of the same solution at differ- 
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Fic. 8. Equilibrium absorption from 0.00156 M CTAB solution as a function of 
temperature. 
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Fra. 9. Equilibrium absorption from CTAB solutions by viscose monofil at room 
temperature. 


ent temperatures and the amount absorbed was measured. The initial con- 
centration of the bath was 0.00156 M. The results are shown in Fig. 8. It is 
evident that the absorption of ion pairs decreases as the temperature in- 
creases. The effect of temperature on the cation exchange is definite but 
small under these experimental conditions. 

Monofil. The equilibrium absorption isotherms at room temperature are 
given in Fig. 9; the cation exchange is shown in Fig. 10. Maxima are ob- 
served in all curves except for the cation absorption as measured by Qt — 
Br-, which behaves in an unique manner at higher concentrations. Attempts 
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Fig. 10. Equilibrium cation exchange between viscose monofil and CTAB solu- 
tions at room temperature. A, determined by change of titer; B, determined by pH 
change. 
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Fig. 11. Equilibrium absorption from STAB solutions by viscose monofil at room 


temperature. 


to restudy part of the absorption isotherm with a different batch showed a 


lack of reproducibility once again. 
The absorption isotherm for STAB at room temperature is shown in 


Fig. 11. STAB is not soluble above 0.0004 7. These results are important 
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Fig. 12. Equilibrium absorption from CTAB solutions by oxycellulose at room 
temperature (1.00 g. fiber/100 ml. solution). 


primarily because they show that the rapid increase in ion-pair absorption 
starts at a considerably lower concentration for STAB. The CMC for 
STAB has been estimated to be 0.00032 M by an extrapolation of Debye’s 
results for other homologous n-alkyltrimethylammonium bromides @) 
Thus the rapid increase in ion-pair absorption seems to occur in the vicinity 
of the CMC for each surface-active agent. 

Oxycellulose. The equilibrium uptakes of Q* and Br by oxycellulose are 
shown in Fig. 12; the cation exchange as measured by Qt — Br- and by pH 
change are shown in Fig. 13. Although a fiber-to-bath ratio of 1 /100 was 
used for the oxycellulose, it absorbed roughly 100 times as much quater- 
nary ion as did the cotton. All the isotherms show pronounced maxima, and 
there is no large systematic difference between the cation-exchange values 
as measured by Qt — Br~ and from pH change. 

The large amount of material absorbed made it possible to check the 
analytical techniques by comparing predicted and measured weight in- 
creases for the samples. As is shown in Fig. 14, the agreement between the 
two methods is good. 

The absorption of Emcol E-607-L by oxycellulose was also studied. This 
material has a high molecular weight and is quite soluble, but was not 
purified and proved to be difficult to titrate by the methods used in this 
work, especially at higher concentrations. The isotherm for the weight in- 
crease is shown in Fig. 15. The CMC, which is apparently not available in 
the literature, was found to be in the vicinity of 0.001-0.002 M by capillary 
rise measurements. The isotherm for the change of pH also showed a maxi- 
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Fig. 13. Equilibrium cation exchange between oxycellulose and CTAB solutions 
at room temperature. A, determined by change of titer; B, determined by pH change. 
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Fig. 14. Increase in weight of oxycellulose from absorption from CTAB solutions. 
@ direct observation; O calculated from change of titer. 


mum near the CMC. The halide-ion uptake was studied by both absorption 
and desorption (samples treated with concentrated solutions equilibrated 
with water). In the region of overlap there was good agreement between 
the two. The desorption measurements, which in principle can be extended 
to much higher concentrations, showed no maximum; however, at high 
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Fra. 15. Increase in weight of oxycellulose from absorption from Emcol E-607-L 
solutions. 
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Fic. 16. Hydrogen ion generated from equilibration of oxycellulose with various 
halides. O CTAB; A Emcol E-607-L; V Ci2H2s(CHs)s N Br; X K Br; @ NaBr. 


concentrations, small amounts of surfactant solution entrained by the 
sample in its initial treatment can become the source of a large error. 
Finally, in Fig. 16 are some results showing the relative powers of a 
variety of quaternary ions to replace H+ in oxycellulose. It is clear that the 
long-chain ions are considerably more effective than are the simpler cations. 
Less extensive measurements showed NH.Br, LiBr, MesNBr, EtsNBr, and 
BzMe;NBr to be similar in behavior to the simpler cations shown. 
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Fie. 17. Absorption by Cordura from CTAB solutions to which KBr was added. 
Initial CTAB concentration 0.000942 M. A, Br absorbed; B, Q absorbed. Initial 
CTAB concentration 0.00500 M. C, Br absorbed; D, Q absorbed. 


Effects of Added Salt or Acid. Samples of Cordura were equilibrated with 
CTAB solutions of initial concentration 0.00094 M (slightly below the 
CMC) with various amounts of KBr added. The results are shown in Fig. 
17. As the concentration of Br~ increases the uptake of ion pairs increases 
and the ion exchange, as measured by Qt — Br-, decreases. The curve for 
Q* goes through a minimum and finally rises again (the Br~ curve could not 
be measured to such high concentrations). 

A similar study involving initial concentrations of CTAB of 0.005 M 
(well above the CMC) was also made. The results are also shown in Fig. 17. 
The initial increase in ion-pair absorption is smaller and the subsequent de- 
crease is greater, but the same general effects are noted. 

The effect of HBr was also noted using Cordura as substrate again. The 
absorption from solutions of various pH values and 0.002 M@ in CTAB was 
followed and is shown in Fig. 18. A decrease of Qt uptake followed by an 
increase was noted. Subsidiary experiments showed that cation exchange 
involving the Qt ion was decreasing, as would be expected, so that the final 
rise in absorption must involve ion pairs. 

Rates. The rates of the absorption processes were studied primarily in 
order to assure that equilibrium was reached; however, certain general fea- 
tures were noted. Figure 19 shows the rates of change of pH and of Qt 
concentration in the bath for Cordura. The final concentration of Qt in the 
bath is well below the CMC so that the measurements refer to ion exchange 
Although the system was agitated sporadically rather than continuously, 
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Frc. 18. Absorption by Cordura from 0.00200 M CTAB solutions to which HBr 
was added. 
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Fig. 19. Rate of exchange of cation for Cordura immersed in 0.000367 M CTAB 
solution (fiber-to-bath ratio, 4 g./100 ml.). 


some collateral experiments involving continuous agitation make it seem 
likely that no serious error has been introduced by the use of sporadic 
agitation. 

The shapes of the curves are consistent with the existence of two differ- 
ent types of sites for exchange; however, no further effort has been made to 
confirm their existence. The curve for cotton was similar; those for the 
monofil and oxycellulose showed no inflection. Measurements made on 
Cordura well above the CMC showed that cation and anion were absorbed 
at the same rate with no inflection in either curve. Results, especially with 
oxycellulose, show that equilibrium is reached more slowly when high con- 
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Fig. 20. Structures of dyes used. 


centrations of CTAB are used. About 50,000 minutes were allowed for 
equilibrium at the highest concentrations. 


Properties of Treated Fibers 


One of the well-known properties of detergent solutions at concentrations 
~ above the CMC is the ability to solubilize dyes which are soluble in hydro- 
carbon-like solvents but relatively insoluble in water. If fibers were equili- 
brated with solutions containing solubilized dye, it was found that, when 
concentrations were chosen so that the equilibrium concentration of surfac- 
tant was above the CMC, dye was taken up by the fiber sample. The 
amount of dye taken up varied with the amount of ion-pair absorption of 
the surfactant and with the size and characteristics of the dye molecule, 
oxycellulose taking up the most dye and cotton the least. The dyeings were 
quite fast to washing with water or with solutions of sodium lauryl] sulfate 
at room temperature. Furthermore, dye solubilized in a sodium laury] sul- 
fate solution would not color the fibers to anywhere near the same extent; 
the dyeing is apparently a property of cationic surfactants. Cross sections 
of dyed fibers showed that the dyes had penetrated throughout. Dyes with 
the structures shown in Fig. 20 could be used to obtain good coloration; 
some of the larger vat dyes in their oxidized forms could not. 


Difficulties Encountered in Preparing Fiber Samples 


All the fiber samples except for the oxycellulose samples were treated with 
acid in an attempt to remove foreign cations before use. In spite of the 
treatment the H+ generated, as determined from the pH change, was less 
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than the amount of Qt taken up by cation exchange. This result could be 
caused by the presence of another cation in the cellulose, by the presence of 
a proton-accepting impurity in the CTAB solution, or possibly by an un- 
foreseen effect of CTAB on the functioning of the pH meter. The second 
possibility was eliminated by trial titrations with known quantities of acid. 
With respect to the third, CTAB was indeed found to raise the apparent pH 
of acid solutions in high concentrations, but the effect was not sufficient to 
account for the observed results. 

One set of Cordura samples gave positive tests for ammonium ion when 
treating solutions were tested with Nessler’s reagent. The presence of am- 
monium ion in ostensibly purified celluloses has also been noted by David- 
son (8). However, the samples of monofil gave no evidence of ammonium 
ion although discrepancies in the cation-exchange results were noted. 

Duplicate experiments with samples from a given batch agreed well, but 
experiments involving samples from different batches of treated material 
did not agree. This result again points to an incomplete purification pro- 
cedure. Apparently cations, such as Zn++, which are present in the forma- 
tion of viscose rayon, are not completely removed by the treatment used 
and contamination with ammonium ions is an ever-present threat. Only in 
the case of oxycellulose was the presence of foreign cations of minor im- 
portance. 

Although the uptake values cannot be accepted without reservation, it 
should be emphasized that there is no reason to suppose that the general 
features of the absorption isotherms are incorrect. The influence of the bath 
concentration on the shape of the curves was reproducible, and the differ- 
ences between fiber types were maintained. 


DISscUSSION 


The absorption isotherm results from two processes: cation exchange and 
ion-pair absorption. The ion-pair absorption first becomes important in the 
vicinity of the CMC; the cation exchange becomes appreciable at much 
lower concentrations. Because of the ion-exchange process, the composition 
of the bath at equilibrium is different for each substrate, the greater the 
ion exchange the more HBr in the bath. Since the CMC is lowered by the 
presence of electrolyte, the CMC of a bath at equilibrium with an oxycellu- 
lose sample could be considerably lower than that of a solution of pure 
CTAB (0.001 M). If this factor is taken into account, the coincidence be- 
tween the onset of micelle formation in the solution and ion-pair absorption 
in the fiber is quite marked, especially since the fine structures of the sub- 
strates might be expected to have an influence on the absorption too. The 
results for the other surfactants, although less extensive, seem to show 
similar behavior. 
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The Cation-Exchange Process 


As would be expected, there is a general correlation between the amount 
of cation exchange and the alkali number of the substrate, which has been 
taken as a measure of the carboxyl content. Perhaps this is shown most 
directly by Fig. 1. The results in Fig. 1 cannot be rationalized by simple 
considerations involving one type of ion-exchange site. However, this is not 
surprising; complications arising from electrostatic interactions, swelling, 
and varying degrees of accessibility are to be expected with polymeric 
solids. Furthermore there seems to be some evidence from the rate curves 
for cotton and Cordura for the existence of two types of cation-exchange 
site. 

The long-chain cations have a special affinity for cellulosic fibers, as is 
shown graphically in Fig. 16. In this respect the cationic surfactants are 
similar to certain cationic dyes, for example, methylene blue (see Davidson 
(9)). Davidson found that the smaller cations such as Kt, NH,t, Nat have 
roughly similar affinities with the larger ions in this group having the smaller 
affinities, probably because of decreased electrostatic binding. However, the 
very large dye cations had much greater affinities because of specific struc- 
tural affinity effects. Apparently, as the size of cations capable of existing 
in rodlike configurations increases, interactions resulting in increased affini- 
ties predominate. Both cationic dyes and surfactants fall in this class. One 
result is the logical expectation that the quaternary cation will replace any 
- small cation other than H+ present in the substrate as an impurity. 

Finally it should be noted that, in the great majority of cases, the cation- 
exchange process showed a maximum in the amount of cation exchanged as 
a function of the concentration of cation in the bath, whether the amount 
exchanged was measured by pH change or directly. 


Ion-Pair Absorption 


As has been noted, ion-pair absorption begins to become important for 
concentrations in the vicinity of the CMC. It might be inferred that what 
has been called ion-pair absorption is, in reality, a concentrating of surfac- 
tant at the interface between the fibrous substrate and the bath. If the 
interface is defined by the gross visible surface of the fibers, the monofil, 
with its small specific surface, should show the least absorption, and hence 
the inference is not tenable. If the surface is taken to include internal sur- 
faces such as the surfaces of micelles and those caused by differential swell- 
ing along defects in the amorphous regions, then the measurement of surface 
is more difficult and the amount of surface depends on the conditions pre- 
vailing at the time of measurement. Such measurements are usually classed 
as accessibility measurements. Moisture regain has been chosen as a meas- 
ure of relative accessibility in this paper. For the purposes at hand, it should 
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be crude but qualitatively sufficient. From Table Tit can be seen that ion- 
pair absorption does increase as the moisture regain increases. However, 
the results show that the ion-pair absorption also increases with the alkali 
number (a measure of cation-exchange capacity) or the cation exchange 
itself. The correlation with the alkali number is more striking than that 
with moisture regain because oxycellulose is more markedly set apart from 
the other substrates by its alkali number. Thus, although accessibility 
undoubtedly has an effect on the amount of ion-pair absorption, the effect 
seems less marked than that of the amount of cation exchanged or the 
cation-exchange capacity. Further work would be needed to separate these 
two effects more completely (see the next paper in this series (10)). 

The ion-pair-absorption isotherms show distinct maxima in the case of 
oxycellulose and monofil and a levelling off in the case of Cordura. This be- 
havior again parallels the behavior of the cation-exchange process. 

If it is assumed that the ion-pair absorption is a process related to micelle 
formation which occurs with a cation absorbed by cation exchange serving 
as a nucleus, then the results discussed so far can be rationalized. lon-pair 
absorption will not occur until appreciable cation exchange has taken place 
and the free energy of the surfactant has been raised to the point that mi- 
celle formation is to be expected. Clusters forming within the fibrous sub- 
strate would not need to be identical in size, shape or free energy with 
micelles forming in solution.* However, since cellulosic substrates are highly 
swollen by water (25 %-100 %-+ depending on the fiber), it is reasonable to 
expect the onset of cluster formation in the vicinity of the CMC of the solu- 
tion as a first approximation. The dependence of the ion-pair absorption on 
the amount of cation exchanged or on the cation-exchange capacity is given 
a reasonable basis, and the correlation of maxima in the ion-pair absorption 
with maxima in the cation exchange is also understandable. It will be shown 
in a later paper (11) that a rough theoretical treatment can be given for all 
the above results including the maxima. 

It is interesting to examine the results for absorption in the presence of 
KBr and HBr in terms of the above hypothesis. Added KBr or HBr will 
increase the free energy of the quaternary bromide by a common-ion effect 
and decrease the CMC and, as a result, tend to lead to increased ion-pair 
absorption. At the same time a cation will be introduced to compete in the 
cation-exchange process and hence reduce the number of sites for ion-pair 
absorption. If the quaternary solution is just below the CMC and the cation 
introduced does not compete strongly with the Qt ion, then an increase in 
ion-pair absorption with an increase in added salt would be expected. As 
more salt is added a decrease resulting from the competition between cations 

“In fact, as one referee has pointed out, there are somewhat similar cases where 


the “cluster” consists of one surfactant ion with counter ion (not necessarily in the 
cluster). See H. Lundgren, Textile Research J. 15, 335 (1945), for example. 
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and the consequent loss of sites for ion-pair absorption would be expected. 
If the quaternary solution is above the CMC and hence is not so sensitive 
to added electrolyte, and if the cation of the added electrolyte has a marked 
affinity for carboxyl groups, then a decrease in lon-pair absorption with 
added electrolyte would be expected. Behavior of the first type and of inter- 
mediate type is shown in Fig. 17, and that of the second type in Fig. 18. 

An increase in ion-pair absorption is noted at high electrolyte concentra- 
tions and sometimes at very high surfactant concentrations. This increase 
presumably occurs by a different process, possibly by the absorption of un- 
ionized surfactant or by a process similar to the absorption of dyes. In any 
event it is probably independent of the cation-exchange process. Since it 
occurs at the limit of sensitivity of the experimental methods used, it has 
not been studied further. 

The uptake of solubilized dyes also tends to confirm a clustering process 
within the fiber. It is particularly interesting that an anionic surfactant, 
which could not take part in cation exchange, was not nearly as effective in 
producing dyeing even though the dye was solubilized by the surfactant. 
The fact that the dyeing occurs throughout the fiber is further proof of 
penetration of the cationic surfactant. 


APPENDIX 
Preparation of Materials 


Surface-Active Agents. A technical grade of CTAB supplied by Eastman 
Organic Chemicals was used as received. Analyses for cation and anion 
showed the sample to be pure within the accuracy of the analytical method. 

Stearyltrimethylammonium bromide (STAB) was prepared from a sam- 
ple of Arquad 18 (Armour and Co., Chemical Division). The commercial 
product, a mixture of hexadecyl, octodecyl (stearyl), and octodeceny] 
chlorides in isopropyl] alcohol, was precipitated by addition of acetone. The 
solid material was then dissolved in hydrobromic acid and taken to dryness 
four times to produce the bromides, and the bromides were separated by 
seven recrystallizations. Analysis of the final product for bromide ion indi- 


cated 98 % purity. 
Encol E-607-L (Emulsol Corp.) was used as obtained. It has the formula 


NE ae 
C,,H23;CO2.CH,;,CH,NHCOCH» Ae Rey 

Analyses of the solutions showed the halide-ion content to be 5% greater 
than the apparent quaternary ion content, possibly because of the presence 
of a cation insensitive to the titration method. 

Cellulosic Fibers. The fiber samples used were the following: 

1. A roving of a commercial American Upland cotton of 82% maturity 
by the USDA array method. 
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2. A medium-high-tenacity 300 denier/120 filament, Cordura viscose 
rayon yarn supplied by E. I. DuPont de Nemours & Co. The fibers had a 
serrated cross section and probably a relatively high skin-to-core ratio. 

3. A 16-denier viscose rayon monofil from the American Viscose Corpora- 
tion. These fibers were round and had a small skin-to-core ratio. 

4. An oxycellulose gauze from Tennessee Eastman Corp. This material 
was cotton which had been oxidized with NO; so that about one-half of the 
primary alcohol groups in the 6-position were converted to carboxyl groups. 

All the fiber samples were dried and conditioned at 65% relative hu- 
midity and 70°F. The oxycellulose was not otherwise conditioned. The 
viscose rayon samples were refluxed for several hours with carbon tetra- 
chloride and either acetone or methanol. The samples were then soaked in 
hydrochloric acid at pH 3.5-4.0 for 24 hours and washed with distilled 
water until the washing gave no turbidity with silver nitrate and finally 
soaked in successive portions of distilled water with intermittent heating 
(50°-80°C.) for one week. In addition, the high-denier monofils were heated 
in water at 90°C. for 1 hour—a process which had previously been found 
to stabilize the fibers for long-term absorption experiments. Early samples 
were dried in air, later ones in vacuo or in a forced-draft oven at 90°C. 

The cotton samples were extracted with solvents in the same way as the 
viscose samples. They were then refluxed with 2 % sodium hydroxide solu- 
tion under nitrogen in an autoclave for 5 hours and left under nitrogen in 
the autoclave another 16 hours at room temperature. The samples were 
then washed with acid, water, and dried in the same way as the viscose 
rayons. 

The moisture contents at 65% relative humidity and 70°C. for the sam- 
ples are given in Table I. These give a measure of relative accessibility. 

The alkali number was determined by reacting samples with an excess of 
0.1 N sodium hydroxide solution and back-titrating the excess alkali. The 
values are given in Table II. The alkali number is known not to be an ac- 
curate measure of carboxyl content but it gives an adequate approximate 
measure. 


Analytical Methods 


Cation Analysis. The surfactant cations in the baths were determined by 
potentiometric titration with potassium triiodide (12) using platinum elec- 
trodes and a Beckman Model G pH meter. The quaternary ammonium 
triiodides precipitate from solution and occasionally adhere to the elec- 
trodes; however, this problem is not serious. An error of about 3% for the 
cation determinations has been estimated. 

Anion Analysis. The halide contents of the baths were determined by 
potentiometric titration using silver nitrate as titrant and silver and copper 
electrodes, with a moderate concentration of copper sulfate present (13). 
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TABLE I 


Water Absorbed at 65% R.H. and 70°C. by Cellulose Samples 
ee ee a PONS OF UO ese et a OE 


Sample Water absorbed 
(% dry weight) 
Cotton 7.9 
Cordura 12.5 
Monofil 12.6 
Oxycellulose 15.4 


-ee—e ee SSSSSSSSSSSSSSSSSSSSSSSSSSFSSSSSSSSSSSSSSSSSSSSSSSSSSSsFeFe 


TABLE II 
Alkali Numbers of Cellulose Samples 


Sample Alkali number 


(moles absorbed/100 g.) 


Cotton 0.0012 
Cordura 0.0024 
Monofil 0.0038 
Oxycellulose 0.19 


The error in the halide determination was less than that in the cation de- 
termination but was not estimated directly. 

Hydrogen Ion Analysis. The cation exchange in the cellulosic substrate 
produced a decrease in pH of the bath. The pH changes were measured 
with a Beckman Model G pH meter. 


Absorption Procedure 


A constant fiber-to-bath ratio of 5.00 g. conditioned fiber to 100 ml. solu- 
tion was used for all samples except for the oxycellulose samples, where a 
ratio of 1 to 100 was used. Loosely tied fiber bundles were put in glass- 
stoppered Erlenmeyer flasks containing the surface-active agent. Concen- 
trations ranged from 10-* M to 0.3 M, being limited by the sensitivity of 
the analytical method and the solubility of the surface-active agent. Most 
of the experiments were run at room temperature without special tempera- 
ture control. The maximum range in temperature observed was 5°C. Ex- 
periments at higher temperatures were done in thermostats. The tempera- 
ture effects observed were not so large that serious error from minor 
variations in temperature would be expected. 

Kinetic studies indicated that most of the fiber types came to equilib- 
rium at room temperature within 10,000 minutes. Samples intended to go 
to equilibrium were left for 3 to 4 weeks with periodic shaking. When rates 
were evaluated agitation was made as nearly continuous as feasible. Partic- 
ular efforts to achieve continuous shaking were made for short-time runs. 
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ABSTRACT 


Viscose rayon and oxycellulose containing a high concentration of carboxyl groups 
have been esterified at the carboxyl group using ethylene oxide. This reagent was 
chosen to minimize changes in accessibility caused by the esterification reaction. 
Measurements were made of the carboxyl contents, of the capacities of the samples 
to absorb water, and of their capacities to absorb the cation and anion from solutions 
of cetyltrimethylammonium bromide. These last measurements were made to test 
the hypothesis advanced by Sexsmith and White (1) that absorption of ion pairs 
from the surfactant solution was a clustering process dependent on the presence of 
exchanged cations which served as nuclei. The marked decrease in ion-pair absorp- 
_ tion found after esterification was in agreement with this hypothesis. 

Some other properties of the esterified oxycellulose samples are also discussed. 


INTRODUCTION 


In a previous paper, Sexsmith and White (1) studied the interaction of 
various cellulosic substrates with solutions of cetyltrimethylammonium 
bromide (CTAB). They concluded that the primary interactions, over the 
concentration range covered, were a cation-exchange process and an ab- 
sorption of ion pairs which involved the clustering of neutral groups of ions 
about a cation absorbed through ion exchange. One of the primary reasons 
for the conclusion was a marked correlation between ion-pair absorption 
and cation-exchange capacity of the substrate. However, all the cellulosic 
substrates differed in fine structure and in accessibility. The extent to which 
differences in accessibility influenced the ion-pair absorption process could 
not be determined. 

To separate the effects of cation-exchange capacity from those of accessi- 
bility it was necessary to vary one while keeping the other constant. Esteri- 
fication of the carboxyl groups in viscose rayon with ethylene oxide at room 

1 Present address: 4 Saadya Gaon, Jerusalem, Israel. 

2'To whom correspondence should be addressed. 
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temperature would appear to change the cation-exchange capacity without 
altering accessibility. Since only about 1 in 100 residues contains a carboxyl 
group, the swelling caused by introduction of the glycoester should not 
change the overall accessibility greatly, and the conditions of the reaction 
are so mild that no changes resulting from the method of treatment are to 
be expected. Appropriate conditions to carry out the esterification were de- 
termined and some properties of the esterified product were examined. 

A similar procedure was carried out using oxycellulose (primarily oxidized 
to carboxylic acid at the 6 position) as substrate. In this case the carboxyl 
eroups occur so frequently that substantial esterification alters the proper- 
ties of the material appreciably, and presumably the accessibility is among 
those changed. However, since in some respects the highly esterified oxycel- 
lulose is a new derivative of cellulose, it was prepared and some of its prop- 
erties were determined. 

Particular attention was given to the interactions of the substrates with 
CTAB solutions; however, some observations on dyeing, swelling, x-ray 
diffraction, and water absorption were also made. 


EXPERIMENTAL 
Preparation of Materials 


Viscose Rayon. A 16-denier viscose rayon monofil obtained from the 
American Viscose Corp. was used. The samples were extracted in a Soxhlet 
apparatus for 8 hours with carbon tetrachloride and for 7 hours with metha- 
nol. They were soaked for 30 minutes at room temperature in dilute HCl 
solution (pH 3.5) and then washed until the washings gave no test for 
chloride with silver nitrate. They were dried at 60°C. and conditioned at 
70°F. and 65% R.H. before use. 

Oxycellulose. Oxycellulose prepared by nitrogen dioxide oxidation of cot- 
ton was obtained in the form of gauze from the Tennessee Eastman Co. 
It was stated to have 10 %-12 % carboxyl content. The samples were treated 
with acid, washed, dried, and conditioned as above. 

Ethylene Oxide. Commercial ethylene oxide was used. Solutions of about 
30% ethylene oxide in water can be obtained at room temperature. Below 
the boiling point of ethylene oxide (10.7°C.) the liquids are miscible. 

Glycoester of Viscose Rayon. Deuel (2) has reacted ethylene oxide with 
pectic acid to form the glycoester; Farrar and Neale (3) have reported com- 
plete esterification of cellophane using a 1% solution of ethylene oxide. A 
1% solution of ethylene oxide produced no apparent reaction with the viscose 
rayon sample used, after 2 days at room temperature; however, solutions of 
higher concentration did bring about a reaction. 

Two samples were prepared. The first sample was prepared by treating 50 
g. of washed viscose rayon with 2 1. of 29% solution at room temperature 
for 5 days. The samples were then washed, dried, and conditioned as above. 
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The second sample was prepared by treating 30 g. of the first sample with 
11. of 52 % solution at 5°C. for 6 days. The reaction system was then allowed 
to stand at room temperature overnight, and the ethylene oxide gas coming 
out of solution was permitted to escape through a mercury trap. The sample 
was then washed, dried, and conditioned. 

Glycoester of Oxycellulose. No reaction was observed with a 1% solution, 
but reaction occurred with more concentrated solutions. Again two samples 
were prepared, the first by treating 30 g. of sample with 2 1. of 30 % solution 
for 7 days at room temperature. The second was prepared by treating 15 g. 
of the first sample with 1 1. of 68% solution at 5°C. for 6 days and then 
allowing the reaction system to stand at room temperature overnight with a 
mercury trap to allow excess ethylene oxide to escape. The samples were 
washed, dried, and conditioned. 


Characterization of Materials 


Carboxyl Analysis. The accurate measurement of the carboxyl content of 
cellulosic materials is a difficult and painstaking operation. Classical meth- 
ods have been reviewed by Davidson and Nevelle (4) and Geiger and Kunz- 
ler (5). In addition to the classical methods, methods using radioactive 
tracers (6, 7) which have been recently developed show great promise and 
are, perhaps, the most accurate available at the present time. 

Since changes in carboxyl content were of primary importance for the 
work at hand, a quicker and less refined method than would be used for a 

“precise absolute measurement could be tolerated. The method chosen in- 
volved cation exchange with the cationic dye, methylene blue. The pro- 
cedure followed was that established by Davidson (8) except that the 
KH2PO.-NaOH buffer system described by Skinkle (9) was used. This 
method has the advantage that the pH is controlled and remains close to 
pH 7. The rayon samples were equilibrated with a solution containing 0.2 
mM/l. of methylene blue hydrochloride; the oxycellulose samples were 
equilibrated with one containing 2.2 mM/]. The change in concentration of 
the dye solution was measured spectrophotometrically. 

Some measurements were made on untreated viscose rayon using a neu- 
tralization technique. Samples were treated with excesses of sodium hy- 
droxide solutions ranging in concentration from 0.0423 N to 0.00644 N at 
5°C. for 26 hours, and the excess sodium hydroxide was back titrated. Good 
agreement between samples and between concentration ranges was ob- 
tained; however, the method was not used for the esterified samples for fear 
of error resulting from hydrolysis. 

Samples of the same viscose rayon which had been given a somewhat dil- 
ferent initial preparation were analyzed for carboxyl content by Moncriefi- 
Yeates and White (7) using measurements of the uptake of sodium ion and 
sulfate ion from sodium sulfate solutions. 


622 GOTSHAL, REBENFELD AND WHITE 


Uptake of Cetyltrimethylammonium Bromide. Samples of the viscose-rayon 
substrates weighing 1 g. were treated with 40-ml. portions of CTAB solu- 
tions at room temperature for at least 4 days, to assure attainment of equi- 
librium. Samples of oxycellulose substrates weighing 0.200 g. were treated 
with 20-ml. portions of CTAB solutions for at least 7 days. Commercial 
CTAB was used in water purified by distillation and ion exchange. 

The analytical procedures were those described by Sexsmith and White 

1) 

. Absorption of Water and Dyes. Samples were dried 7m vacuo over magne- 
sium perchlorate at room temperature for three weeks and conditioned at 
70°F. and 65% R.H. in a conditioned room. 

Three types of dyes were used: anionic dyes, cationic dyes, and a disperse 
dye. For the anionic dyes, 0.12 g. of fiber sample was treated for 1 hour at 
90°C. with 20 ml. of a solution containing 0.5 g. of dye and 3.2 g. of Na2SO.- 
10H;0 per liter. 

The same procedure for treating the fibers used to determine the carboxyl 
content with methylene blue was used for the cationic dyeing. 

In the case of the disperse dye, 50 ml. of 0.055 7 CTAB solution satu- 
rated with dye (the dye is solubilized in micelles of the surfactant) were 
used for dyeing 0.12 g. of the viscose substrates. Only 25 ml. of 0.009 M 
CTAB saturated with dye were used to dye 0.50 g. of oxycellulose and 0.56 
g. of its glycoester. The 0.56 g. of glycoester is equivalent to the 0.50 g. of 
oxycellulose in oxycellulose content. In all cases dyeings were carried out at 
room temperature overnight. The smaller amount of dye was used with 
oxycellulose because the dye was taken up so strongly that ready differen- 
tiation between samples was impossible with greater amounts. 


RESULTS 
Properties of Viscose Rayon and Its Glycoester 


No change in appearance on esterification was noted with the viscose 
monofil. Cross sections showed no change under the microscope and the 
x-ray diffraction pattern was unchanged. As is evident from Table I esteri- 
fication of the carboxyl groups did not alter the amount of water absorbed 
at 70°F. and 65% R.H. 

The carboxyl contents of the viscose samples are given in Table II. For 
the untreated samples results obtained using two other methods are also 
shown. The results for the method using methylene blue appear to be low. 
Since the method involves cation exchange, it is necessary to have sufficient 
dye to insure complete exchange. However, at high dye concentrations, the 
dye is also absorbed as ion pairs so that for accurate measurements it is 
necessary to measure anion uptake as well. As can be seen from Table II, 
the reproducibility of the method as used is good, and it is highly unlikely 
that errors of the magnitude of the differences between the various types 
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TABLE I 


The Absorption of Water by Cellulosic Fibers and Their Glycoesters at 70°F. 
and 65% R. H. 


"ee 


Water absorbed (g./100 g. 
Material sample) 


Duplicate samples 


Oxycellulose 13.6 13.4 
Glycoester of oxycellulose (1st sample) 127 12.8 
Glycoester of oxycellulose (2nd sample) 12.8 12.8 
Viscose rayon monofil 11.9 11.9 
Glycoester of viscose monofil (1st sample) 11.8 11.8 
Glycoester of viscose monofil (2nd sample) 12.0 11.9 
eee eis me ee 
TABLE II 


Carboxyl Contents of Cellulosic Substrates 


Carboxyl content 


(mM COOH /g. 
Material Method sample) 
Duplicate 
measurements 
Oxycellulose Methylene blue 3.45 3.45 
Glycoester of oxycellulose (1st 1.40 1.38 
sample) 
Glycoester of oxycellulose (2nd 0.11 0.11 
sample) 
Glycoester of viscose monofil (1st 0.0089 0.0085 
sample) 
Glycoester of viscose monofil (2nd 0.0072 0.0072 
sample) 
Viscose monofil 0.024 0.024 
Direct neutralization 0.044 
NaeSO. method (7) 0.039 


ee eee 


of samples can be expected; thus the method is suitable for relative ranking 
of the substrates. 

No quantitative measurements were made in the case of the dyeing ex- 
periments; the dyed samples were characterized as to depth of dyeing 
visually. The results are shown in Table III. 

The absorption isotherms at room temperature for the cation and anion 
from a CTAB solution are plotted in Figs. 1 and 2 as functions of the cation 
concentration in the bath at equilibrium. Figure 1 shows results for the 
absorption of the cation, and Fig. 2 shows results for the absorption of the 
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TABLE III 


Qualitative Estimates of Dye Uptake for the Various Cellulosic Substrates 
and Different Types of Dyes 


nnn cnn EEE SEnnISEE ESSE UEESESSESEEEER 


é Esteri- ; 
Dye (‘‘Colour Index,”’ : Viscose ‘ \ Esterified 
2nd ed. designation) Type monofil ap ye or oxycellulose 


Basic Blue 9 (methyl- Cationic | Dark Medium] Has a tan- Very dark 


ene blue) ning effect? 
Janus Green B (C.LI. Cationic | Very Dark — — 
Part II *11050) dark 
Direct Red 81 Anionic Medium| Medium} Light Dark 
Acid Orange 7 Anionic Medium| Medium} Very light Dark 
Direct Red 2 Anionic Medium| Medium — — 
Disperse Red 1 Disperse | Medium} Light Dark Medium 


« Heavily dyed and made hard and harsh by the dyeing. 


O.l2 


0.10 


008 


0,06 


UPTAKE (mM/g) 


0.04 


002 


1.0 10 100 
EQUILIBRIUM [QT] (M/£ x03) 


Fig. 1 Equilibrium absorption of cation from CTAB solutions by esterified and 
unesterified viscose rayon at room temperature. (A) viscose rayon; (B) esterified 
viscose rayon. 


anion. Each point on a curve represents the average result of two duplicate 
experiments using the same master batch of fibers and the same master 
solution of CTAB. (Sexsmith and White (1) found difficulty in obtaining 
reproducible behavior in the purification process.) The error at the lower 
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UPTAKE (mM/g) 
° 
8 


° 
R 


0.02 


To) 10 100 
EQUILIBRIUM [Q"] (M/£ x10%) 


Fic. 2. Equilibrium absorption of anion from CTAB solutions by esterified and 
unesterified viscose rayon at room temperature. (A) viscose rayon; (B) esterified 
viscose rayon. j 


concentration of CTAB is relatively small, but at the higher concentrations, 
where only small changes in concentration are measured, a confidence limit 
of +6% is estimated. 


Properties of Oxycellulose and Its Glycoester 


Esterification causes no color change. The esterified material ismore elastic 
when wet and retains a greater elasticity if dried at a low temperature or 
by a solvent-replacement technique. However, drying at or above 80°C. 
causes the material to darken and become hard and brittle. The esterified 
material has a lower tensile strength than the oxycellulose. 

It seemed possible that the glycoester of oxycellulose might be soluble in 
some simple solvent. Although the esterified material was almost gelatinized 
by 0.25M CTAB solution, no solvent was found. Water and dimethylforma- 
mide at 100°C. cause appreciable swelling; pyridine, methanol, diethy] 
ether, acetone, and dioxane either cause no swelling or slight swelling at 
elevated temperatures. 

Cross sections of the esterified material (sample 2) showed the cross- 
sectional area to be roughly four times that of the unesterified material and 
twice that of sample 1. The lumen, visible in the unesterified material and 
in sample 1, had disappeared. 

The x-ray diffraction patterns of the two oxycellulose materials were sim- 
ilar to those for extremely amorphous cellulose. 

The absorption of water by the oxycellulose samples is given in Table I 
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UPTAKE(mM/g oxycellulose residues ) 


Ol 1.0 10 100 
EQUILIBRIUM [Q*] (M/4£x103) 


Fie. 3. Equilibrium absorption of cation from CTAB solutions by esterified and 
unesterified oxycellulose at room temperature. (A) oxycellulose; (B) esterified oxy- 
cellulose. 


1.8 


09 


UPTAKE (mM/qg oxycellulose residues) 


0.| 1.0 10 100 
EQUILIBRIUM [Q*] (M/£x 103) 
FIG.4 
Fic. 4. Equilibrium absorption of anion from CTAB solutions by esterified and 


unesterified oxycellulose at room temperature. (A) oxycellulose; (B) esterified oxy- 
cellulose. ; 
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and the carboxyl content in Table II. Table III shows the dyeing behavior. 

The uptake of bromide ion from a CTAB solution by esterified sample 1 
was found to be almost identical with that of untreated oxycellulose. An 
analysis of the sorption bath revealed the presence of ethylene glycol, indi- 
cating that hydrolysis of the ester groups had occurred. A test for the pres- 
ence of ethylene glycol in the baths used with sample 2 was negative. All 
results pertaining to the uptake of CTAB refer to sample 2. 

The absorption isotherms for the cation and anion from CTAB solutions 
at room temperature are shown in Figs. 3 and 4, respectively. The values for 
the glycoester have been corrected so that the results refer to the same num- 
ber of monomer units in each case. Each point on the curve represents the 
average of two measurements using samples from the same batch of sub- 
strate and the same CTAB solution. The error was less than with the viscose 
monofil because larger changes were measured. 


DISCUSSION 
Viscose Fibers 


As has been mentioned, the relative infrequency of carboxyl groups in 
viscose rayon and the very mild conditions of treatment make it unlikely 
that the accessibility of the viscose rayon has been changed by the esterifi- 
cation. No changes were noted in dimensions, x-ray diffraction pattern, or 
absorption of water at 70°F. and 65% R.H. Actually it might be antici- 

pated that esterification would alter the amount of water absorption some- 
what. However, there are many sites for water absorption in viscose rayon, 
and esterification without change in accessibility affects only a relatively 
small number. It may be that slight changes in capacity to absorb water 
would be noticed at very high relative humidities. 

Properties directly dependent on the carboxylic acid content of the vis- 
cose rayon have, of course, been markedly affected by the esterification. 
These include both the absorption of cation and of anion from CTAB solu- 
tions. It was hypothesized by Sexsmith and White (1) that absorption from 
CTAB solutions consisted of cation exchange followed by clustering of ion 
pairs on the absorbed long-chain cations which served as nuclei. Since the 
anion absorption is a measure of the absorption of ion pairs, the decrease in 
anion absorption with esterification is further support for the validity of the 
hypothesis. 

If the ion-pair absorption is dependent on the number of cations ex- 
changed, then both types of absorption depend on the number of sites. The 
amounts of cation or anion absorbed by two substrates of equal accessibility 
in equilibrium with ‘dentical solutions would bear the same ratio as the 
numbers of sites for cation exchange in the two substrates. However, the 
actual substrates will not be in equilibrium with identical solutions; for a 
given long-chain cation concentration the hydrogen-ion concentration, and 
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hence the anion concentration, will increase with the capacity for cation ex- 
change of the substrate. Thus the ion product for the ion pairs and hence 
the tendency for an ion pair to be absorbed on an absorbed cation will in- 
crease. As a result the ratio for anion absorption at a given long-chain 
cation concentration in the solution should be smaller than the ratio for 
cation absorption. The ratios for esterified monofil and monofil are roughly 
0.55 and 0.70, respectively. 

The CTAB absorption isotherms for the monofil are quite similar to those 
determined previously except at the higher concentrations, where a larger 
maximum at a higher concentration is found with these measurements. 
Presumably this results from the different fiber-to-bath ratio used, and 
possibly from difficulties in completely removing foreign cations from the 
viscose monofil. 

The maximum difference between cation and anion absorption for the 
monofil is 0.048 mM/g.; this agrees well with the cation-exchange capacity 
as determined by direct neutralization. 


Oxycellulose Fibers 


The ester linkage in sample 1 of the esterified oxycellulose was found to be 
hydrolyzed by treatment with CTAB solutions. Probably the low pH of the 
treating bath resulting from cation exchange with the partially esterified 
oxycellulose was a major factor in the hydrolysis. Another factor may have 
been the presence of the quaternary ammonium ion, which has been re- 
ported to have a catalytic effect on the hydrolysis of esters (10). 

The second and more completely esterified sample of esterified oxycellu- 
lose showed the expected large decrease in both cation and anion absorp- 
tion. The results again agree qualitatively with the hypothesis that the 
ion-pair absorption is directly linked to the cation-exchange process. The 
swelling and other structural alterations brought abeut by the esterification 
clearly indicate that changes in accessibility as well as changes in cation- 
exchange capacity have resulted, so that no simple relationship between the 
absorption of CTAB by the treated and untreated samples, such as exists 
for the viscose samples, is to be expected. 

Although the decrease in cation absorption on esterification is large, it is 
not as large as would be predicted from the change in carboxyl content as 
determined with methylene blue. This may result in part from hydrolysis 
of the ester as occurred with sample 1, although no positive test for ethylene 
glycol was obtained from the treating bath. However, the maximum cation 
exchange as determined from the results for absorption of cation and anion 
by the untreated oxycellulose is considerably less than that determined by 
the methylene-blue method; apparently the absorption processes for CTAB 
and methylene blue are appreciably different. 
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Dyeing Experiments 


The absorption of basic dyes, which is primarily an ion-exchange process, 
is reduced by esterification. The absorption of the disperse dye which is sol- 
ubilized within micelles in the solution is also reduced. Presumably the ab- 
sorption of ion pairs within the fiber assists in the absorption of the dye. A 
decrease in the number of anionic groups within the fiber would be expected 
to increase the absorption of anionic dyes. However, the change in electro- 
static repulsive energy does not seem large enough under the conditions of 
dyeing to make an appreciable effect with the viscose monofils. However, 
there is an observable effect in the case of the oxycellulose substrates. 
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ABSTRACT 


A theoretical model is proposed to account for the results observed when cationic 
surfactants are absorbed by cellulosic substrates. The model consists of the absorp- 
tion of cations by an exchange process followed by a clustering of ion pairs on the 
exchanged cations. When this model is combined with a mass-action treatment of 
the surfactant solution, absorption isotherms, similar to those found experimentally, 
are obtained. In particular, there are maxima in the absorption isotherms. A discus- 
sion of the factors which lead to maxima is given, and a model to account for the 
maxima observed with anionic surfactants is proposed. 


INTRODUCTION 


In two previous papers (1, 2) experimental results on the absorption of 
cationic surfactants by cellulosic substrates have been reported. Two 
absorption processes took place, a cation exchange and an ion-pair ab- 
sorption. The ion-pair absorption was shown to be dependent on the cation 
exchange, and the hypothesis was advanced that the ion-pair absorption 
involved the formation of neutral clusters of ions about an exchanged 
cation which served as a nucleus. The ion-pair absorption started to be- 
come important when the concentration of the treating solution neared 
the critical micelle concentration (CMC), and, hence, was presumably 
related to the processes which caused micelle formation in the treating bath. 

The absorption isotherms for both the cation exchange and the ion-pair 
absorption showed maxima in amount absorbed as a function of cation 
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concentration in the treating solution in many cases. The maxima occurred 
at concentrations somewhat higher than the CMC. 

Although there do not appear to be any results directly comparable 
with those presented in the previous papers, some closely related experi- 
ments have been done, with analogous results. The interactions of soluble 
proteins with anionic surfactants have been studied extensively (see, for 
example, Gibbs, Timasheff, and Nord (3)). Few, Ottewill, and Parreira 
(4) and Foster and Yang (5) have studied the interactions of cationic 
surfactants with soluble proteins. For both cationic and anionic sur- 
factants the results were interpreted as showing binding of amounts of 
surfactant ion electrostatically equivalent to the (opposite) charge on the 
protein, followed by further uptake involving surfactant-surfactant 
interaction. 

Maxima in absorption isotherms involving surfactants and insoluble 
polymeric substrates have been found by Aicken (6), who found maxima 
at the CMC followed by minima for sodium alkyl sulfates absorbed by 
cotton and wool; by Corrin et al. (7) for anionic surfactants on graphite 
and polystyrene; by Meader and Fries (8) for an alkylarylsulfonate on 
cotton; by Vold and Phansalkar (9) for sodium dodecylsulfate on carbon 
black and cotton; by Evans (10) for sodium alkyl sulfates and sodium 
oleate on various textile fibers; by Fava and Eyring (11) for sodium 
dodecylbenzene sulfonate on cotton; and by Flett, Hoyt, and Walter (12) 
using detergents on cotton under processing conditions. In the last example 
some question may be raised as to whether or not equilibrium was attained. 
In every case the concentration of the long-chain anion alone was followed 
so that it is impossible to separate the absorption processes into ion ex- 
change and ion-pair absorption. 

The cause of maximum formation was discussed in each of the first 
five papers and, very recently, by Vold and Sivaramakrishnan (13). 
However, no entirely satisfactory explanation has been given. 

In this paper a discussion of the factors leading to the presence of maxima 
will be given, and a theory which rationalizes the qualitative features of 
the results found for cationic surfactants on cellulosic substrates will be 
developed. The theory is a first approximation but appears to contain 
certain essential features which should not change in more detailed and 
sophisticated treatments. A discussion of possible mechanisms for the 
maxima found using anionic surfactants is also given. 


Conditions for the Formation of Maxima in Ion Exchange 


The underlying cause of a maximum in ion exchange seems to be the 
maximum in the concentration of single long-chain ions, first noted by 
Murray and by Hartley (14-16). Hartley found the maximum on ap- 
plying the mass-action principle to micelle formation. In the example 
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worked out by Hartley, the maximum is not very pronounced, and it is 
often stated that only a slight maximum can be obtained with this ap- 
proach. This is not so. 

At the time that the work reported here was done no more extensive 
examination of the application of the principle of mass action to micelle 
formation was available to us. After the work was completed, a more 
extensive treatment was published by Mysels (17). Our treatment will 
be outlined here because it includes some results not covered by Mysels, 
and because it forms the basis for the considerations about absorption 
maxima that follow. 

It will be assumed that a cationic surfactant, which exists in the pure 
form as QX, can form a micelle, Q,Xm , where n > m. It will also be as- 
sumed that the activities of ions are directly proportional to their con- 
centrations. Then, from the principle of mass action, 

Cu 
Ky os CoieCer? [1] 
where K, is a constant and the C’s represent molar concentrations with 
Cy referring to the concentration of micelles. For conservation of total 
solute, C, present 


Equations [1] and [2] can be solved for Cg asa function of C. An examination 
of dCe/dC and d’Co/ dC’ shows that a maximum in Cg will occur ifn > m 2 
2 with the maximum occurring at the point, 

1 


Co= f ests Tt ci (3 


m™(n — m)K, 


Similar considerations for Cy, show that there is no maximum in micelle 
concentration. 

The changes of Cg with respect to C for various values of m and n and 
K, = 10 are shown in Figs. 1 and 2. Whether or not a pronounced maxi- 
mum in CQ is obtained is seen to be dependent on the ratio of m to n and 
on the value of n. Using a maximum in dC y,/dC as a criterion for the CMC, 
the variation in CMC with K, for fixed values of m and n is shown in Fig. 
3. It is noticeable that very large values of K, are needed to bring the CMC 
into the concentration range found experimentally. The nearness of the 
maximum to the CMC depends on the value of n. 

Values of the various concentrations in terms of the total concentration 
of surfactant are shown in Fig. 4 for n = 100, m = 90, and log AK, = 563. 
These values were picked to give behavior similar to that of cetyltri- 
methylammonium bromide, the surfactant used in the previous experimen- 
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tal work (1, 2). The values of m and n were based on the osmotic results 
of Vold (18) and on the light-scattering results of Debye and Anacker (19). 
The value of K, was chosen to give an appropriate CMC (10°M). A 
pronounced maximum in Cg is evident, as is the fact that the mean ion 
product is always increasing as would be expected from general thermo- 


dynamic reasoning. 
The formation of the maximum in Cg does not result because of any 
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Frc. 4. Variation in mean ion product, single long-chain ion concentration, free- 


counter-ion concentration, and micelle concentration with total solute concentra- 
tion (log Ky = 563; n = 100; m = 90). 


ionic or electrostatic reasons. If two organic compounds, Q and X, which 
would combine to form Q,Xm were to be fed into a reaction vessel in 
equimolar quantities, a maximum in C’g would result if n > m 2 2. Some 
workers (see, for example, Hutchinson, Inaba, and Bailey (20)) prefer 
to think of micelle formation as a form of phase change. Although it is 
difficult to speak categorically without suitable equations for a phase- 
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change theory of micelle formation, it seems intuitively evident that the 
maximum results from the different ratio of Q to X in the micelle, Q,X, , 
as compared with the material fed into the system, QX, and not from any 
factor involved with the exact mechanism for micelle formation. 

Entirely analogous equations will, of course, apply to an anionic sur- 
factant. For either a cationic or an anionic surfactant a maximum in long- 
chain ion exchange can result directly from the maximum in concentration 
of the long-chain ion. 


Maxima in Ion-Pair Absorption 


As has been mentioned, the experimental results for the absorption of 
cetyltrimethylammonium bromide by cellulosic substrates showed that 
ion-pair absorption occurred to a considerable extent, that maxima oc- 
curred in ion-pair absorption, and that the extent of ion-pair absorption 
could be correlated directly with the extent of ion exchange. It was pro- 
posed that the absorption of ion pairs resulted from a clustering about 
exchanged cations which served as nuclei. 

A mechanism for the maximum in ion-pair absorption can now be 
proposed. The amount of cation exchanged will go through a maximum with 
increasing concentration of surfactant, reflecting the maximum in con- 
centration of the cation in solution. If the ion-pair absorption depends 
directly on the cation exchange, it, too, will show a maximum. 

A simplified quantitative theory can be developed to give concreteness 
to the ideas expressed above. Let the ion-exchange process be represented 
schematically by 


Qt + CellCOOH = Ht + CellCOOQ 


and let B represent the cation-exchange capacity of the substrate and 
K, the equilibrium constant for cation exchange. Assume that the equi- 
librium for ion exchange can be represented by the equation, 


Co 6 i 
ae = ear [4] 


where Cg and Cg are concentrations and 


IiCOOH 
pg. CellCo0g a eee oe CellCOO 


B B 
The assumption of Eq. [4] requires that the solutions be adequately dilute 
so that activities are proportional to concentrations and that there are 
no interactions between absorbed cations on the substrate. It is not re- 
quired that no micelles be formed since C@ refers to single cations only. 
Assuming the substrate to be, initially, in the hydrogen form, it is possible 
to write 
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CV = 04a, (5 
where V is the volume of the solution. Then Eq. [4] can be written 
aeueBK 6(9 + a) 
Ce V i-@-a (6) 


Assume that ion-pair clustermg on exchanged cations occurs according 
to the scheme 


pQ* + pX + CellCO0Q = CellICOOQ(QX )p 
The equilibrium constant for this process, K, , can be assumed to be 


a 


Ka = 5(GeCx)?’ 


[7] 
where a = CellCOOQ(QX),/B. 

For conservation of the total amount of solute in the system (expressed 
as a concentration, Cy, in the solution ) 


CellC 
Cale oe ae e ue a (p+ Ee CRT 
Gesture Bee eee (9 
The total amounts of Q and X absorbed can be written 
Ag = BO + (p+ 1)Ba, [10] 
Ay = pBa, [11] 
and Eas. [8] and [9] can be written 
Be 
Cot nu + + +1) st = Cs, (81 
V 
Be 
Cx + mCu + Pay = Co- [91] 
Using Eqs. [8’], [9’], [6], and [7], Car can be written 
Cu — ! 
n—m 
(2/K.)?) “BRI ee ey Bee) [12] 
“| BK, +2) ViVi oer a) V 
Vo 0G) 


where x = a/6. Using Eqs. [1], [6], and [7], Ca can be expressed as 
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By assigning values to the constants and choosing a value of x, Cy can 
be plotted against 6 and the point of intersection of Eqs. [12] and [13] 
determined. Enough information is then available to determine all the other 
_ variables, in particular Ag and Ax. 

Since the computations required are lengthy, no attempt has been made 
to fit the equations to experimental results. However, a numerical example 
has been calculated using constants chosen to be reasonable for cetyltri- 
methylammonium bromide and to provide absorption curves similar to 
those found for cellulosic substrates. The constants chosen were: 


K, = 10°° n = 100 
K, = 10° m= 90 
IK, = OB pos i 


es) 
I 


0.1 (mM/g.) V-= 100 mall: 


The results of the calculations are shown in Fig. 5. The similarity in char- 
acter between the theoretical and experimental curves shows that the 
model is capable of providing behavior of the type found experimentally. 


DISCUSSION 


Aicken and Corrin, Lind, Roginsky, and Harkins cite the work of 
Hartley in explanation of the observed maxima. However, it is unlikely 
that anion exchange can account for all the absorption by substrates such 
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as cotton, carbon black, graphite, or polystyrene. Meader and Fries 
postulate an independent micellar absorption which reaches a limiting 
value so that the maximum in single anion absorption resulting from the 
maximum in the concentration of the single anion in the solution leads 
to the observed maximum in absorption. A solid polymeric substrate can 
be separated from the aqueous phase, and only ion-pair absorption and 
ion exchange can make any appreciable contribution to the observed 
absorption, since the gross phases must remain essentially neutral elec- 
trically. (It is true that charge separations can conceivably occur in a 
microlayer along the internal and external surfaces of the polymer, but 
such a separation cannot be recognized by thermodynamic measurements 
such as are under discussion here, and the overall absorption determined 
experimentally would involve ion pairs.) However, anion exchange does 
not occur with cotton, which was the substrate used by Meader and Fries, 
and their model provides no mechanism for a maximum in ion-pair ab- 
sorption. 

The chemical potential for ion pairs depends on the ion product for the 
surfactant in the solution and must increase steadily with concentration 
for basic thermodynamic reasons. Thus no model producing a maximum 
in the absorption isotherm can be devised without the introduction of 
some additional factor such as was done in the previous section of this 
paper. In particular a tendency to micelle formation, in itself, cannot prod- 
uce a maximum. Vold and Sivaramakrishnan, from kinetic considerations, 
have devised a set of equations which seems to provide for a maximum 
in this way, but their derivation appears to violate the principle of micro- 
scopic reversibility. Statistical thermodynamic derivations using models 
similar to theirs produce no equations showing maxima for ion-pair ab- 
sorption. Evans attributes the maxima to alterations in the surface avail- 
able for adsorption within the polymer. The reasons for the changes in the 
surface are not clear. 

Two mechanisms can be advanced to explain maxima in cases involving 
anionic surfactants. If anion exchange can occur, a model entirely analogous 
to that given above for cationic surfactants suffices. Also, if hydrolysis 
should occur and the buffering action of the water and of dissolved carbon 
dioxide should keep the concentration of hydrogen ion from changing to as 
great an extent as does the concentration of single anion, then the con- 
centration of the undissociated acid form of the surfactant could go through 
a maximum. This unionized form might be expected to be strongly ab- 
sorbed by the polymeric substrate. Once absorbed, molecules of the acid 
form of the surfactant could serve as nuclei for the clustering of ion pairs. 
Thus it would not be necessary for all (or even a major part) of the ad- 
sorbed material to be in the acid form. In connection with this second 
proposal, it may be pointed out that Meader and Fries found their results 
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to be very sensitive to pH and the hardness of the water used and postu- 
lated that hydrolysis played an important role. 

As was shown in the first paper of this series (1), the clustering of ion 
pairs on exchanged cations provides qualitative explanations for the effects 
of added acid and salt on the uptake of cationic surfactants at least until 
very high concentrations are reached. The studies of Meader and Fries 
and of Evans using anionics also seem to be in qualitative agreement. 

Finally a reviewer has pointed out that some or all of the counter ions 
need not be in a cluster but could be free in the fiber phase. It is clear that 
such an occurrence would change the form of the activity of the counter 
ion in Kq. [7], but would not interfere with the occurrence of a maximum. 
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ABSTRACT 


Recent studies of the nature of surface-active agents in solution indicate that 
micelles formed in such solutions behave somewhat as a separate phase. Solubility 
measurements were made on o-phenylphenol, pentachlorophenol, and p-dimethyl- 
aminoazobenzene in solutions with and without surfactant over a wide pH range. 
The ratio of solubility in a surfactant solution to solubility in a similar solution 
without surfactant is defined as relative solubilization. This varies with solution 
pH and solute pK, being at a maximum for nonionized solute and at half-maximum 
when pH is equal to pK. The variation of relative solubilization with pH is that which 
is predicted from treatment of micelles as a separate phase. 


INTRODUCTION 


Aqueous solutions of surface-active agents are able to dissolve appreciable 
quantities of materials which are only slightly soluble in water. This is the 
well-known phenomenon of solubilization, which has been reviewed fairly 
recently (1-3). It is now widely accepted that solubilization requires the 
presence of micelles of the surface-active agent (4-6). Such micelles are 
ageregates of surfactant in which many of the hydrophobic groups of the 
surfactant have associated to form very small oil-like ‘‘droplets,” the sur- 
faces of which are covered by the surfactant hydrophilic groups (7, 8). 
Although solutions of surfactants are homogeneous when considered on a 
macroscopic scale, it appears that many of the properties of such solutions 
may be explained fairly well by treatment of the micelles as a separate 
phase (3, 9). 

According to the phase treatment, solubilization amounts to solution of 
material in the hydrocarbon-like interiors of the micelles. If this is the case, 
the distribution of solute between aqueous and micelle phases should depend 
on the nature of the solute. For an ionizable solute one would expect the 
ionic form to be soluble in water and the nonionic form to be soluble in 
micelles. The effect of pH on water-micelle distribution should be basically 
the same as its effect on the partition coefficient for bulk phases (10-12). At 
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a pH such that essentially all the solute is ionized, the solute would occur 
mostly in the aqueous phase, so that the effect of surfactant would be small. 
On the other hand, with a pH at which the solute is nonionized, the solute 
would occur primarily in the micelles and the surfactant would be an effec- 
tive solubilizer. 

The effect of pH on solubilization was measured for two weak acids in an 
anionic surfactant and for a weak base in a cationic surfactant. 


EXPERIMENTAL Mrruops 


For each system studied a series of solutions was made up to cover a wide 
pH range with and without surfactant. Excess solute was added to all solu- 
tions, which were then sealed and shaken continuously for 10 or more days. 
The room temperature was maintained at very nearly 23°C. After shaking, 
the final pH of each solution was measured. Suspended solute was removed 
by settling or low-speed centrifugation. Solute concentrations were deter- 
mined with a Beckman Model DU spectrophotometer. 

Since solubilization is affected by electrolyte concentration, a swamping 
electrolyte was used in all solutions. In some cases, it was a buffer, but buf- 
fering was unnecessary when the solute did not ionize and ineffective when 
it did. In each ease results were plotted with respect to the final pH. 

The systems considered were: 

a. o-Phenylphenol in 0.05 M sodium lauryl sulfate with 0.25 N disodium 
phosphate; pH adjusted with phosphoric acid and sodium hydroxide. 

b. Pentachlorophenol in 0.0104 M sodium lauryl sulfate with 0.1 M so- 
dium chloride; pH adjusted with hydrochloric acid and sodium hydroxide. 

c. p-Dimethylaminoazobenzene (DMAB) in 0.01 M dimethyl dodecyl- 
phenacylammonium bromide with 0.1 M sodium chloride; pH adjusted 
with hydrochloric acid and sodium hydroxide. 

The o-phenylphenol (m.p. 58°C.) and pentachlorophenol (m.p. 188° 
191°C.) were purified products of The Dow Chemical Company. The 
DMAB (m.p. 116°-118°C.) was used as obtained from Eastman Kodak. 
Sodium lauryl sulfate was Fisher USP grade. The quaternary ammonium 
compound was prepared by the author from phenacyl bromide and spe- 
cially distilled dimethyldodecylamine. 

Solutions of o-phenylphenol were diluted into weak acid for measurement 
of optical density at 243 my. Pentachlorophenol was determined in dilute 
base at 320 mu. DMAB was measured at 420 my in pH 7 buffer. 


RESULTS AND DISCUSSION 


Results of solubility measurements for the o-phenylphenol system are 
shown in Fig. 1. Both curves are flat in the region where o-phenylphenol is 
not appreciably ionized. With higher pH and increasing ionization both 
curves climb, but the ratio of their heights decreases. The latter is the effect 
which would be expected from solubilization by a separate oil-like phase. 
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Fic. 1. The effect of pH on solubility of o-phenylphenol in presence (B) and ab- 
sence (A) of sodium lauryl sulfate. 


When a surfactant solution is saturated with the poorly soluble weak acid 
HA, the acid will occur in several forms: 


THA (excess) = 1 WA ee — H" ae ao 
rey 
HA (niceltes) 


It is assumed that A~ occurs only in the aqueous phase. The total concen- 
tration is then: 


[HA] = [HA (micettesy] ap [HA (water) ] =“ [A7] [1] 


All the terms refer to concentration in moles per liter of surfactant solution. 

In strongly acidic solutions HA will be essentially nonionized, so that 
the concentration of A~ will be negligible. The micelles might then dissolve 
much more of HA than would the aqueous phase. Under these conditions 
the surfactant would seem to be a good solubilizing agent. In alkaline solu- 
tions, however, ionization would be extensive, with [A~] becoming the dom- 
inant term in Kq. [1]. The micelles, still saturated with HA, would no longer 
make a significant contribution and the surfactant would seem ineffective 
as a solubilizer. 

The contribution of A~ to the total solubility depends on the pH of the 
solution and on the ionization constant, Ka, of the acid: 


[A-] = [HAwrater] (Ka/[H*1) = [HA cater] -10@#-PK®) (2) 
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FINAL pH 


Fig. 2. The effect of pH on Relative Solubilization of DMAB (A), pentachloro- 
phenol (B), and o-phenylphenol (C). 


Let the term “relative solubilization” (RS) be defined as the ratio of the 
solubility of a material in a surfactant solution to its solubility in a similar 
solution without surfactant. Then: 

[HA (micettes) | = [HA wrater)] —— [A’] [3] 
[HA (water)] ae [A] 


From Eggs. [2] and [3] it follows that: 


RS = 


[HA Gascon 
RS ="1 ——. 4 
ue [THA craters hd ar LOT 
Pa [HA (nicettes) | 
When? pH < pk,, RS = 1 + =. 
ele a [HA (water | 
[HA (micelles)! , 


H = pK,, RS =14+ 
a 2 [HA water] 


pH > pK,, RS = 1. 
Thus, for HA the relative solubilization (less one) is at a maximum when 
pH < pK, and at half-maximum when pH = pK,. For weak bases the pH 


and pK terms are reversed. 

Experimentally, the final pH values did not coincide exactly in solutions 
with and without surfactant. Relative solubilization, therefore, was deter- 
mined from the ratio of heights of solubilization curves (Fig. 1) atarbitrary 
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TABLE I 
Comparison of Experimental and Literature pK Values 
Solute Calc. pk Lit. pK 
o-Phenylphenol 9.85 9.97 (13) 
Pentachlorophenol 5.2 5.3 (14) 
DMAB 3.6 Bie (65) 


cs EE 


pH values. In Fig. 2, relative solubilization is plotted vs. final pH for each 
of the three systems reported. In each case the pH at which (RS — 1) was 
half its maximum was taken as the solute pK. In Table I these pK values 
are compared with those reported in the literature. For the control solutes 
naphthalene and o-dichlorobenzene, relative solubilization varied only 
slightly with pH. 

The pK values derived from the assumption that micelles act as a sep- 
arate phase are in close agreement with values determined by other meth- 
ods. These observations tend to substantiate the suggestions (3, 9) that 
micelles behave in many ways as a separate phase. This, to be sure, cannot 
be a complete explanation. Hutchinson, Inaba, and Bailey (9), while sug- 
gesting the phase treatment, pointed out that the concept of phase breaks 
down at the microscopic size of micelles. McBain and McHan (16) reported 
that the solubility of dimethyl phthalate in potassium laurate micelles was 
greater than in dodecane, and measurements by the author have shown that 
o-phenylphenol is more soluble, mole for mole, in sodium lauryl sulfate 
micelles than in decane. In spite of these difficulties the phase concept of 
micelles appears to be fruitful. Among other things, it explains the repeated 
observations that the biological activity of phenols is decreased in the 
presence of micelles. Such an explanation was presented as early as 1942 
(17) and has been suggested several times by Alexander and co-workers 
(18-20), but has apparently not been accepted entirely. 
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Light Scattering by Small Particles. By H. C. van pg Hutst. John Wiley & Sons, 
Inc., New York, Chapman & Hall, Ltd., London, 1957. 470 pp. Price $12.00. 

The central theme of this book is a detailed physical and mathematical presenta- 
tion of light scattering by independent particles. This means that the particles are 
separated from each other in such a manner that there is sufficient room for each 
to form its own scattering pattern, undisturbed by the presence of others. It thus 
treats dilute colloidal dispersions, polymer latices, gold and sulfur hydrosols, aerosols 
of all types, but specifically excepts the fine dispersions of high polymeric macro- 
molecules which require special treatments as dependent particles. (See text by 
Stacey.) It is the most authoritative, comprehensive, and useful book on this subject 
that has appeared. The author, a distinguished astronomer, has made significant 
discoveries in the study of the polarization patterns of interstellar matter. His studies 
coincided with the renaissance of interest in the quantitative applications of the 
Mie theory to military problems of aerosols and of colloidal dispersions in general, 
initiated notably in this country during World War II. 

Anyone interested in colloids will find this monograph useful if he wishes to under- 
stand the phenomena of light scattering. Colloid Science is fortunate indeed that 
such an eminent mathematical physicist has taken the time to present this very 
difficult and complicated subject in such a clear and practically useful way. The 
treatment is not easy, but the subject is presented in as simple a way as is possible, 
considering its inherent difficulties and complexities. 

Vicror K. La Mer, New York, New York 


Handbook of Physics. Edited by E. U. Conpon anp Hieu Opisuaw. McGraw-Hill 
Book Company, Inc., New York, 1958. 1504 pp. Price $25. 

Two distinguished editors, one a former Director and the second a former Assistant 
to the Director of the National Bureau of Standards, working with a competent group 
of scientists, present a comprehensive and authoritative guide to basic physics. This 
handbook will be very useful to chemists as well. It concentrates on principles, ideas, 
concepts, and mathematical methods of all branches of classical and modern physics, 
and, we add, physical chemistry and chemical physics. 

The treatise starts with several hundred pages of mathematics, followed by me- 
chanics of particles and rigid bodies, mechanics of deformable bodies, electricity 
and magnetism, heat and thermodynamics, including mechanical kinetics, optics, 
atomic physics, solid state, nuclear physics, etc. 

Readers of this Journal will be interested in Chapter 7 of Part V entitled: Surface 
Tension, Adsorption by Stephen Brunauer and L. E. Copeland. The price of $25 is 
high, but there is much valuable material in one volume. The handbook can be recom- 
mended to anyone in the physical sciences. 

Vicror K. La Mgr, New York, New York 
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From the Foreword by JOHN T. EDSALL: 


“Over the past decade the use of the ultracentrifuge as a tool in bio- 
chemical research has developed in a dramatic fashion. Problems scarcely 
imagined ten years ago can now be investigated with brilliant success and 
with techniques only recently developed. There remains a need for a mod- 
erately extended discussion of these more recent developments, combined 
with a statement of the basic and indispensable theory and a general de- 
scription of the old and new experimental techniques. I believe that these 
needs are admirably met by the present book. 

“Tt is likely to become an indispensable companion to the laboratory 
worker who is planning and conducting an ultracentrifuge run for almost 
any purpose. It should also be of fundamental value to the thoughtful 
student or investigator who wants to know the present state of our knowl- 
edge in the field, both experimental and theoretical. 

“Dr, Schachman has, I believe, performed a major service by portraying 
the broad range of experimental techniques in sedimentation experiments 
and by providing a rigorous discussion of the underlying principles.” 
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